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C/tart 111-Case III, i�icluding biochemical data.

SUMMARY OF POST-MORTEM RECORD BY DR. THOMAS BELT

Necropsy twelve hours after death: Calf muscles on both sides

showed widespread necrosis. They were blanched and swollen as if

parboiled, and mottled with haemorrhagic areas. The vessels of the
legs were apparently undamaged. The kidneys were relatively large

(weighing 190 and 170 grammes), smooth, tense, and dark red. There

was no pyelitis. The bladder mucosa was slightly reddened; the liver

was swollen (1,830 grammes); and the lungs were slightly oedema-

tous (500 grammes each).

Microscopical Examination.-Kidney changes were very much

like those in Case I. There were perhaps more leucocytes in the

tubules, and these occasionally extended right up into the cortex. The

liver showed cloudy swelling but no necrosis. Muscle displayed wide-

spread necrosis, chiefly coagulative but becoming liquefactive in

small foci. There was much patchy haemorrhage and polymorph reac-

tion in disintegrating areas, but no bacteria. Some small vessels in the

section showed necrosis of the wall. The pancreas had a few patches

of fat necrosis, and the adrenal gland showed patchy loss of cortical
lipoid. Other tissues appeared normal.

Case III
A male aged 34 was pinned down by beams across shoulders,

arms, and thighs for twelve hours. On admission he was pale and

shocked, with great swelling of both arms and thighs, and skin-wheal-

ing at pressure sites. There was occasional vomiting (about 120 cern.

daily). The blood pressure could not be taken on account of the

swelling. 1,900 c.cm. of “serum” was given intravenous over ninety

minutes, reducing the haemoglobin from 160 to 112%. (See Chart

III.) Next day the left arm appeared greatly swollen, and the hand
blue, cold, and pulseless. An incision was therefore made from mid-

arm to below the elbow, relieving the tension beneath the deep fascia

so that the brachial artery again began to pulsate. This was followed

by a transfusion of 460 cern. of blood (Group 0). Urine was passed-

specific gravity 1015-containing albumin and blood but no casts. On

the third day the left hand was warm but still devoid of sensation and

power: there was oedema of both thighs, but a radiograph showed that
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there was no bony lesion. The patient continued to vomit about 100
c.cm. daily; 6 litres of 5% glucose-saline had been given intravenous-

ly over this and the previous day. There was some incontinence of

urine, of which, however, 655 c.cm. was collected. On the fourth day,

despite a fluid intake of 1,340 c.cm., 590 c.cm. of urine was passed,

still containing albumin. At 5 p.m. the temperature rose suddenly to

103.4#{176},and there was some redness around the site of the intravenous

puncture. Sulphapyridine by mouth was started. On the fifth day vom-

iting, dyspnoea, and slight generalized oedema occurred, with crepita-

tions at both bases and a pleuro-pericardial friction rub. A radiograph

revealed slight basal congestion only: an electrocardiogram showed
right axis deviation; the blood pressure was abnormally high

(170-180 mm. Hg), and, despite a urinary output of 990 c.cm. in the

day (on an intake of 1,230 c.cm.), the blood urea was 260 mg., the

total plasma protein 8.0 grammes, and the plasma chlorides (as NaCI)
500 mg. per 100 c.cm.

During the sixth day the blood pressure fell progressively without

further concentration. At 8 p.m. the patient had become delirious and
disorientated, and the pulse rapid. The skin became cold, wet, and

cyanosed. Coarse crepitations were heard at both bases; there was

incontinence of urine, of which 530 cern. was collected, showing

albumin and numerous red cells but no casts in the deposit. Oxygen
was given. The fluid intake was 1,860 c.cm. The blood urea was 326

mg., the total plasma proteins 4.8 grammes, and the plasma chlorides
(as NaCl) 500 mg per 100 c.cm.

Death occurred on the seventh day, 160 minutes before death the
blood urea was 345 mg., the total plasma proteins 6.1 grammes, the

plasma chlorides (as NaCl) 461 mg., and the serum potassium 33

mg. per 100 c.cm.

SUMMARY OF POSTMORTEM RECORD BY DR. THOMAS BELT

Necropsy showed staphylococcal pyaemia due to thrombophlebitis

of saphenous veins. There was extensive crushing of leg muscles.

Microscopically, tubular changes in the kidneys resembled those of

Cases I and II. There were numerous casts of similar character, but the

picture was somewhat complicated by the presence of a few small

pyaemic abscesses.

Case IV
A male aged 16 was buried under a collapsed house for eight hours,

the left thigh being pinned down by a heavy load of masonry. On

admission the systolic blood pressure was 140 mm. Hg, and superfi-

cial abrasions were present on the left thigh, later becoming whealed.
On getting out of bed that afternoon he fainted. At 8 p.m. he suddenly
collapsed; the haemoglobin had risen to 140% and the blood pressure

had fallen to 40 mm. Hg; the pulse rate was 108 per minute. Venous

blood showed plasma protein to be 9.1 grammes and chlorides (as

NaCl) 545 mg. per 100 c.cm. He was given normal saline, and then

“serum” intravenously, which, as may be seen from Chart IV, brought

the blood pressure to 96 mm. Hg, and the haemoglobin down to 85%;

plasma protein was 7.9 grammes and chlorides (as NaC1) 705 mg per

100 c.cm. This was immediately followed by serum, which effective-

ly lowered the haemoglobin and raised the blood pressure to a corn-

paratively high level. Next day further serum was given. On the third

day the condition of the left foot, which had caused considerable anx-

iety, was worse: extensive oedema of the thigh had apparently cut off

the circulation to the left foot, which was cold and pulseless. Under
gas-and-oxygen and ether anaesthesia, incision was made into the left

thigh to relieve pressure on the vessels: a feeble pulse was temporari-

ly restored in the posterior tibial artery. Tissue fluid from the thigh

contained 1 .9 grammes of protein per 100 c.cm. Five hours after the

operation the patient suddenly collapsed: although the haemoglobin

remained at 105%, the blood pressure fell to 30 mm. Hg. After giving

oxygen by B.L.B. mask the pressure rose to 130/82. This restoration

article published in 1942 (7), he showed that tourniquet

compression of the limbs of a rabbit for a period of 4 to 6

hours could reproduce at least part of the human crush syn-

drome. Thus, upon release of the tourniquet, the muscles
became progressively swollen, and as hemoconcentration

progressed, the blood pressure fell. Although increased
amounts of creatine, phosphorus, and potassium appeared in

the urine as a consequence of muscle necrosis, benzidine

tests for pigment were uniformly negative, and acute renal
failure did not occur. Before those experiments, it was unap-
preciated that rabbit muscle contains no myoglobin. At this
point, Bywaters realized that he had selected the wrong

experimental model. On the other hand, he also realized that
failure to reproduce acute renal failure indirectly suggested

that myoglobin plays a critical role. To pursue this idea, new

experiments were designed in light of a study published in
1911 (8) showing that intravenously infused hemoglobin

caused anuria in the rabbit if the animal were pre-fed with
an acid ash diet but not an alkaline ash diet. First, myoglo-

bin was prepared from normal skeletal muscle of patients
who had died in auto accidents by perfusing the muscle until
it was free of hemoglobin and then extracting the myoglobin
by elution according to the method described in 1932 (9).

Infusing this preparation into rabbits showed conclusively

that myoglobin caused renal failure, provided the rabbits
were fed an acidifying diet or, alternatively, a diet contain-

ing ammonium chloride, and excreted a urine with a pH

below 6. In contrast, renal failure did not develop after injec-
tion of the same myoglobin solution in animals consuming

a normal diet elaborating a urine pH above 6. The kidneys

of the rabbits with acute renal failure appeared almost iden-
tical to those of patients expiring from the crush syndrome.
He showed further that in animals fed an acid ash diet, the

pigment appeared in the urine as insoluble casts. On the

other hand, the pigment was rapidly excreted in solution in
the animals elaborating a urine of higher pH. Based on these
experimental studies, it clearly appeared that acute renal
failure in the crush syndrome requires the presence of myo-

globin and a urine of low pH (10).

On the basis of Bywaters’ observations, the events having
changed from Luftwaffe bombing to unpredictable attacks

by V-i bombs (doodle bugs) and V-2 missiles, a recommen-
dation was circulated (1 1) by the Medical Research Council

that fluids to alkalinize the urine should be given to patients
even before rescue from collapsed buildings or entrapment.

For this purpose, if oral intake were possible, he recom-
mended administration of 1 pint of water containing 1 tea-
spoon of sodium bicarbonate per hour. Alternatively, in

patients who could not ingest fluids, hydration and alkalin-
ization could be rapidly achieved by the intravenous route,

administering 1.87% sodium lactate together with glucose
and saline. He recommended that urinary alkalinization

should be continued as long as pigment is found in the urine

(1 1,12). A similar procedure has been recommended by
other authors since that time (13,14).

In his review published in 1990 (12), Bywaters was con-
cerned that neither American nor British military histories of
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Fig. 1.-Photomicrograph of renal collecting tubules from medulla, stained haematoxylin and eosin,
showing, above, ribbon-like pigmented cast, and, below, similar cast invaded by polymorphs and surround-
ed by desquamated epithelial cells. X 300.

Fig. 2.-Photomicrograph of renal tubule from boundary zone, stained haematoxylin and eosin, showing necro-

sis of wall and commencing reactive changes. X 280.



C/tart !V-Case IV (adtnitted nine hours before the beginning ofihis chart
wit/i a blood pressure of 140 ,nm. Hg).
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of blood pressure was, however, only temporary, and the patient died

three hours afterwards. During the last two days there was much vom-

iting and the abdomen was extremely tense. The urinary output was

very low throughout.

Necropsy, by Dr. Keith Simpson, forty-eight hours after death,

showed crushed and oedematous muscles of the thigh, with interstitial

haemorrhages. There was no bony lesion, no injection, and no gross

change in other organs.

On microscopical examination (Dr. Thomas Belt) the muscle
showed patchy necrosis, and infiltration with polymorphs. The kidney

and other organs were not thus examined.

Discussion
THE RENAL LESION

This consists structurally of severe degenerative changes in

the proximal convoluted tubules and, in the more distal part of

the nephron, brown pigmented casts of a colour, in unstained

preparations, similar to that of blood corpuscles. There are

reactive changes round the casts and desquamated epithelium

in the medulla (Figs. 1 and 2 on Plate). The matrix of the casts

is thought, on histological grounds, to be composed not of red

corpuscles but of desquamated epithelial cells. The pigment

might therefore be accounted for either by excretion into the

lumen from the blood stream of haemoglobin, myohaemoglo-

bin, or bile pigment, or possibly by the extrusion into the lumen

of cells already pigmented.

Changes very similar to these are described following mis-

matched transfusion (Witts, 1929; Goldring and Graef, 136;

Baker, 1937). There is the same absence of changes in

glomeruli, and similar changes in the convoluted tubules, in the

interstitial tissue, and in the straight tubules. The casts are not

composed of red cells, but sometimes there are spherical bod-

ies resembling them. Baird and Dunn (1933) and others have

noted similar casts containing “haemoglobin” in eclampsia.

The effect on function of blockage by casts is obscure: if this

were the only lesion, what urine was secreted (through unob-

structed tubules) should be of normal composition. The urine

World War I mentioned the “crush syndrome.” He noted that

crush injury with muscle destruction and acute renal failure
was originally described in 1909 in casualties of the

Messina earthquake (15). There were other reports from the
“German Handbook on Medical Studies in World War I”

(16) and in soldiers wounded in 1916 (17). One author sug-
gested in 1923 that myoglobin was the nephropathic agent
(18). Bywaters goes on to say that “history, it is frequently

said, teaches us that man does not learn from history.
Although it may be true that the military machine begins
war prepared for the previous one, the medical machine in

1939 was not as fully prepared for even a previous war as it

might have been had it consulted its opponent’s publica-

tions.” In this line of thought, it is interesting that despite
World War II and the Korean conflict, military publications

from the United States were inconsistent. Thus, “TB Med
#252/AFP 160-5-16 entitled “Acute Renal Failure” (19) fails

to mention the crush syndrome or the possible role that

myoglobin could play in the development of acute renal fail-
ure. In contrast, a handbook published in 1958 for the mili-
tar)’ by a committee of physicians under the direction of
Brig. Gen. Sam F. Seeley provides detailed recommenda-

tions for urinary alkalinization in patients with the crush

syndrome (20).
A recent review (21) has summarized the enormous quanti-

ty of work that has been performed to elucidate the precise

mechanisms underlying the crush syndrome, and especially the
pathophysiology of myoglobin nephrotoxicity. Nonetheless, in

clinical terms, we have added very little since World War II in

terms of identifying and managing patients with the crush syn-

drome. We owe Bywaters a great deal of respect and admira-

tion for his pioneering work on this disorder (21).
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resembled, however, more a glomerular filtrate; there was no

significant concentration of urea (hence no selective absorption

of water), and in Case I there was failure to reabsorb chloride

when the blood level was below 500 mg. per 100 c.cm. Case II

showed some degree of chloride reabsorption. There thus

appears to be dysfunction of the convoluted tubules. Whether

partial blockage or blockage of a few tubules-cf. the kidney

after mismatched transfusion, in multiple myeloma (Forbus et

a!., 1935; Holman, 1939), and in calcification affecting the

pyramids (Albright et al., 1940)-can so raise the intrarenal

pressure as to interfere with tubular function as well as with

glomerular filtration is not known. It has recently been sug-

gested (Navasquez, 1940) that the degree of tubular blockage is

not sufficient to account for the symptoms associated with

“transfusion kidney.” The hypertension in Cases II and III, and

also noted in the case reported elsewhere in this issue (Mayon-

White and Solandt, p. 433), may be allied to other types of pri-

mary “renal hypertension.”

It is possible that minor degrees of this renal damage may

occur, since at least one patient with crushed limbs has been

observed to recover completely (R. V. Christie, personal com-

munication) with a raised blood urea and low urea clearance. In

a similar case of muscle crush seen elsewhere (Beall, Belsey,

Bywaters, and Miles, unpublished data) there was a definite

tendency towards recovery of renal function, shown by the

increasing resorption of both water and chloride. Certain cases

of post-operative anuria may prove to fall into this category, but

the majority of them appear to be associated mainly with

decreased blood volume and blood pressure, since restoration

of blood volume to normal improves the renal output.

In Case I fibroblast increase and tubular dilatation were

much more prominent than in the other cases. The latter may in

part be related to the strong therapeutic stimulation, as caffeine

raises the glomerular capillary pressure, with a resultant

increase in filtrate (Verney and Winton, 1930).

Aetiology of the Syndrome

Muscle necrosis is the one aetiological factor common to

these cases and to those observed elsewhere. It was of limited

extent in Case I, although comparison with the degree of

necrosis in the other cases is difficult, since the leg was

removed thirty-six hours after admission. It would seem of

some significance that, in spite of amputation in this case, the

time interval between injury and death was of the same order

as in the others.

It is known that when muscle is injured its permeability

increases and intracellular ions such as potassium leave it

rapidly (Horton, 1930). This may be related to the early

increase noted in serum potassium. An evaluation of the rela-

tive importance of muscle injury, renal insufficiency, and pos-

sibly adrenal cortical deficiency in the composition of this bio-

chemical picture must await the accumulation of further data.

Oliguria in shocked patients may be due to dehydration,

sweating, and the fall in blood pressure (since a pressure below

75 mm. Hg is insufficient to produce urine in the absence of cir-

culating diuretic substances-Winton, 1937). The fall in blood

pressure lasted for one and one and a half hours only in Cases I

and II. Such oliguria certainly facilitates the precipitation of rel-

atively insoluble material in the tubules both in man (e.g., sul-

phapyridine calculi) and experimentally (e.g., haemoglobin,

Yorke and Nauss, 191 1). Another possible cause for anuria in air-

raid casualties receiving sulphapyridine is the formation of cal-

culi at the uretero-vesical junction (Sadusk et al., 1940). None of

these seemed to be of primary significance in the cases cited.

The part played by transfusion fluids (three of these patients

received Group 0 blood as well as plasma and “serum”) must

be considered, inasmuch as the pathological changes resemble

closely those of the “transfusion kidney.” There was no cvi-

dence clinically of a transfusion reaction, although such symp-

toms as rigor, chill, backache, and jaundice. Plasma samples

taken at seventeen and a half and forty hours after transfusion

showed no increased colour. Further, although in Case I, before

blood transfusion, haematuria and albuminuria were absent, the

high blood urea and low urinary output suggested impairment

of renal function. The case reported by Mayon-White and

Solandt in this issue (p. 433), and six other cases of which we

have heard, received no blood, but plasma or reconstituted

serum only. Perhaps, however, the most potent argument

against these being due merely to transfusion reactions is that

no such condition has occurred in any of 25 shocked and

injured patients without severe muscle crush treated in this hos-

pital by blood or “serum” transfusion.

Treatment

The treatment of this condition so far has been by trial and

error. It has been directed primarily to restoring urinary output

by means of heat to the loins, by saline dilution of plasma pro-

tein (thus increasing the glomerular filtering force), by increas-

ing blood volume with serum and hence blood pressure (thus

increasing the glomerular capillary pressure), and by the use of

diuretics such as caffeine. Decapsulation should perhaps be

tried, as it has been shown to reduce the intrarenal pressure

(Winton, 1937). In transfusion kidney this has been done twice

with successful results (Bancroft, 1925; Younge, 1936).

The effect of adrenal cortical extract in this condition should

also be observed, in view of the raised potassium. The devel-

opment of electrocardiographic changes in Case I was not asso-

ciated, however, with any significant alteration in serum potas-

sium (cf. Thomson, 1939). In Case II the changes were similar

to those seen in many patients a few minutes before death
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(Wood, personal communication). However, it is unknown

whether changes in the heart muscle manifest electrocardio-

graphically were concerned in the striking terminal collapse.

Prevention by early amputation was thought adequate in

Case I; it is evident that thirty-six hours was not early enough.

Whether there exists an alternative to immediate amputation we

shall learn only by further and fuller investigation of such

patients and by careful observation of the effects of treatment,

or if the condition can be reproduced in the laboratory.

Investigations which are designed to induce such a condition

experimentally are already in progress at this institution.

Summary

Four cases of crush injury to limbs, producing shock, are described
in which after recovery due to replacement of circulatory fluid the

patients showed oliguria and pigment casts. They died in about one

week with nitrogen retention. Necropsy revealed degenerative changes

in the proximal convoluted tubules and pigment casts in the more dis-

tal part of the nephron. The aetiology and possible lines of treatment

are discussed.

We are grateful to our colleagues engaged on shock research at the
British Postgraduate Medical School for their cooperation and partic-

ipation in this study-in particular to Prof. Dible and Dr. Thomas Belt,

and to Dr. J. Clegg, who supplied the serum. Our thanks are also due

to the Chief Medical Officer of the London County Council for per-

mission to publish this report.
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