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SURGEONS are familiar with ischemic
bowel injury largely because of experience
with strangulation obstruction. Extensive
investigations have been carried out to de-
termine criteria of viability of a compro-
mised segment of bowel. If serious doubt
remains in such cases, the problem is readily
resolved by resection. In massive bowel in-
farction from superior mesenteric artery
obstruction, resection may not be reason-
able because of the amount of bowel in-
volved, and arterial reconstruction may be
the only hope for salvage. Recovery may
depend, in this instance, not only upon the
ability to restore circulation but the heal-
ing potential of very severely damaged
bowel.

Clinical experience has shown that re-
covery from a severe ischemic injury of the
entire small bowel is possible,14 and also
that healing may be associated with a pro-
longed period of functional disability.15
These studies were undertaken to docu-
ment the nature of the ischemic damage to
bowel, to relate the pathologic lesion to
duration of ischemia, and to examine the
potential and sequences of healing.
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Methods and Materials

Preparations were constructed in anes-
thetized mongrel dogs with sterile technic
as follows. At a first stage, a one-foot seg-
ment of jejunum beginning approximately
two feet from the ligament of Treitz was
isolated and continuity restored in the re-
maining intestine by end-to-end anastomo-
sis. The blood supply to the isolated seg-
ment usually included four straight vessels
and narrowed to a single pedicle including
artery and vein at the base of the mesentery.
The proximal end of the isolated loop was
turned in and sutured to the abdominal
wall to avoid intussusception. The distal
end of the loop was led through a circular
wound on the left side of the abdomen and
the mucosa of the bowel sutured to the
skin. The laparotomy wound was closed
and the dogs allowed to recover.

After healing took place it was possible
to biopsy the mucosa of the jejunal loop
without anesthesia with a specially con-
structed flexible biopsy tube on the prin-
ciple of a Shiner tube.2 Such a biopsy to be
satisfactory had to have a small bit of
muscularis mucosae attached to it. The
biopsy was fixed immediately in 10 per cent
foinnialin, anid sectionied at a later time. It
was importanit to cut anid imnbed the tissue
at riglht anigles to the plane of the lumIIenll
for proper orienitation. The tissue was proc-
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FIG. 1. Biopsy of normal dog jejunum obtained
through cutaneous stoma showing normal villi,
crypts and muscularis mucosae.

essed automatically, imbeded in paraffin
and stained with hematoxylin and eosin.
Such a biopsy is shown in Figure 1.

After control studies of the loop were
performed, the dogs were again anes-
thetized and a second laparotomy per-
formed through the previous incision. Cir-
culation in the loop was totally arrested
by occluding the mesenteric vascular ped-
icle and the stomal attachment with atrau-
matic clamps after separating all other at-
tachments which might provide a portal
for circulation. Following the desired period
of circulatory arrest, the clamps were re-
leased, the proximal end of the loop reat-
tached to the abdominal wall and the
wound closed.

Biopsies were taken at the time of opera-
tion before and after release of the occlud-
ing clamps, and at intervals in the post-
operative days and weeks, until the mucosa
was healed. Following healing the dogs
were sacrificed with an overdose of a bar-
biturate and the isolated bowel segment
removed along with a comparable segment
of normal bowel. Both were immediately
fixed in 10 per cent formalin and processed
in the same manner as the biopsies.

In a itnumber of dogs ani attempt wvas Inia(le
to assess fuLnction in the bowel loops before
and after injury. Fluid in the volume of
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15 cc. would be instilled into the loop
through the cutaneous stoma, retained in
the loop by means of a balloon inflated just
within the stoma, and completely aspirated
and re-instilled at intervals to allow sam-
pling and measurement of volume. Five
per cent dextrose and water was instilled in
these initial experiments, and total volume
and dextrose concentration measured at
five-minute intervals for one-half hour.

Results

The bowel was able to recover from pe-
riods of total ischemia as long as seven and
one-quarter hours. All animals subjected to
eight hours or more of ischemia to these
loops died with gangrene of the segment
with or without perforation. The injury
started at the tips of the villi and extended
deeper into the crypts with increasing
amounts of ischemia. Further desquamation
of epithelial cells, edema and extravasation
usually occurred immediately after release
of the occluding clamps. In the longer
ischemic periods further loss of mucosal
elements occurred subsequently. The time
necessary for complete healing depended
on the amount of the original injury.
The ability of the mucosa to regenerate

following nearly complete destruction was

FIG. 2. Usual iinjury at 2 lhours. Note sloiigliiiig
of villus epitlhelium anid a portioni of the cryl)ts
with preservation of the connective tissue ele-
ments of the mucosa.
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impressive. Although in most instances the
regenerated mucosa was recognizably ab-
normal, it had very well differentiated villi
and crypts. Particularly remarkable was the
regrowth of smooth muscle in the villi even

when the villi had previously sloughed off
completely.

Gross Observations. Upon application
of occluding clamps the bowel immediately
became blue-white and pulseless. There
was overactive peristalsis and accordion-
like contraction of the musculature. Fre-
quently with longer periods of ischemia the
bowel became more cyanotic and devel-
oped focal ecchymoses. Following release
of the clamps the pulses in the vessels ad-
jacent to the bowel returned rapidly and
the serosa became pink. There was subse-
quent rapid edema formation and the seg-

ment became thickened and turgid. The
loops doomed by eight-hour ischemic pe-

riods could not be sharply differentiated
from the ones destined to survive. Fre-
quently, there was a serosanguineous dis-
charge from the stoma after injury and
during the healing period. Occasionally,
this became frankly purulent. When the
animals were sacrificed, there were usually
a fair number of adhesions in the abdomen
and especially about the loop. Although
there was a considerable individual varia-

1ic.. 3. Autopsy specimen of muleosa suIbjected
to 2 lhouirs ischlemia and(I tlheni allow ed to lhae.l.
(Satme animal as Fig. 2). Note regenerationi to
near normal mucosa.

FIG. 4. Control autopsy specimen.

tion, the most striking reactions were in
the loops subjected to the severest injury.
The diameter of the isolated loop was usu-

ally significantly less than the adjacent
jejunum, probably largely due to the de-
functioned state. In the severer injuries
there was loss of or diminution in prom-

inence of the valves of Kerckring with flat-
tening and thinning of the mucosa.

Microscopic Observations. Two-hour
occlusions (three animals)-At the end of
the ischemic period there was sloughing
of a good portion of the villus epithelium
leaving the connective tissue portion of the
villus intact. Except for one animal there
was, in addition, some damage to the upper

layers of the crypts in the form of pyknotic
nuclei and the pulling away of the cells
from one another and the basement mem-

brane. Figure 2 shows the usual injury at
two hours. In two animals the bowel re-

turned to normal within 24 hours. In the
third there was as rapid re-epithelialization
but there was persistent shortening and
distortion of the villi, which did not return

to normal during the period of observation.
At autopsy the animal showed villi that
wvere noticeably shorter, wider and more ir-
regular than those of the bowel from which
the segmyient was renmoved. In a second ani-
iacl the villi were virtually normal except
for acute and clhronic inflammationi. The

third animal was not autopsied. Figure 3
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FIG. 5. Mlucosa 6 days after 4 hours ischemia
showing granulation tissue in which a few glands
wvith cuboidal, nondifferentiated epithelial cells are
Lresent.

shows healing of mucosa subjected to two
hours ischemia. Figure 4 shows a normal
autopsy specimen.
Four Hour Occlusions (three animals)-

Immediately after release of the occluding
clamps there was virtually total degenera-
tion of the epithelial covering of the villi
anid injury to the upper one-fourth to three-
foturtlhs of the crypt depth. The connective
tissue stroma was left intact initially, but
subsequently there was further injury with
hemorrhage, acute inflammation, and
sloughing of the villus tips. Granulation
tissue with a few scattered glands with
cuboidal epithelium replaced the mucosa,
although one animal showed epithelial
covering of the surface and some villus
formation in 24 hours and healing by day
six. The mucosa of a second animal healed
in about two weeks, but the third in this
group showed gradual slow healing over
two months' time. Autopsies on all three
animals in this group showed abnormal
mucosae with shortened, irregular, thick-
ened, sometimes branching villi. Figure 5
shows a mucosa six days after four hours
of isclhemia. Figuire 6 shows the same ani-
mal at autopsy 102 days after injury.

Five-houir occlusions (thiree animals ))-
TNvo animals in the group promptly died of
peritonitis, one due to perforation of the
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loop probably due to a technical error and
the other from contamination, as no per-
foration or intestinal leakage was found at
autopsy. In all animals, there was evidence
of epithelial degeneration from villus tip to
the depths of the crypts.
The surviving animal initially had almost

total destruction of the epithelium of villi
and crypts, and in the ensuing days there
was replacement of the mucosa by a granu-
lation tissue. There was slow re-epithelial-
ization with scattered gland formation. This
animal was sacrificed prematurely at 45
days and at autopsy the mucosa showed
only a few scattered glands and focal epi-
thelialization of the surface, illustrating
that healing of such damaged mucosa takes
place from scattered epithelial cells in the
base of the crypts and from the intact mu-
cosa at the stoma. In addition there was
loss of a portion of the muscularis of the
bowel wall (Fig. 7).

Six-hour occlusions (two animals)-One
of the two animals in the group shoved
fair preservation of the crvpts immediattely
after the injury. Healing over the surface
took place within two days and by five days
the mucosa had completely regenerated.
This animal was sacrificed at three and one-
half months and at this time the mucosa
appeared almost normal.

FiG. 6. Auitopsy spceciin 102 (lays after 4-h1otr
injury. (Same animal as Fig. 5). Note the short-
ened, widened, irregular villi.
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The mucosa in the other animal showed
virtually full thickness damage initially,
and on the day after the ischemic period
replacement by granulation tissue with a

few scattered glands was noted. Spotty re-

epithelialization of the surface took place
by three days, but fairly good villi did not
appear in all areas until 29 days. At autopsy
57 days after injury the villi were shortened,
widened and irregular.

Seven-hour occlusions (three animals)-
The immediate initial injury varied from
partial to almost full thickness of mucosa.

In all three animals there was further histo-
logical damage in the ensuing days resulting
in a lumen lined by granulation tissue with
a few scattered glands.

In one animal the mucosa healed grad-
ually over an 86-day period. At autopsy at
200 days, mucosa with shortened distorted
villi was present, but considering the orig-
inal injury, they were surprisingly normal
(Fig. 8). There was some loss of smooth
muscle in the bowel wall in this animal.
The mucosa in another animal had healed

focally by 23 days, but even after 106 days
there were still areas of granulation tissue.
The third animal was extremely sick for

a few days following the injury and ap-
peared to be dying. A biopsy at two days
showed what appeared to be serosal fat.
The animal was sacrificed in two and one-

FIG 7 Autopsy specimen of bowel subjected to

5-hours ischemia sacrificed before healing. Note

loss of smooth muscle, ulceration, few scattered

glands and prominent lymph follicles.

FIG. 8. Autopsy specimen of final healing after
7-hours ischemia. Recognizably abnormal mucosa,
but with all the normal elements including smooth
muscle in the villi. Note destruction of smooth
muscle in the wall of the bowel.

half months and the loop found replaced
by a fibrotic cord with a few scattered in-
testinal glands.

Eight-hour occlusions (three animals )-
All three animals died because of gangrene

of the loop. Initial biopsies indicated an in-
jury no more severe than that seen in the
seven-hour dogs (Fig. 9). Subsequent sec-

tions in most areas showed a preservation
of the connective tissue framework without
invasion by inflammatory cells or extra-
vasation of red cells and the mucosa did
not slough away (Fig. 10). When autopsied
there was, in addition, evidence of muscle
necrosis in the wall of the bowel. There
was no clue to the obvious failure of the
circulation to bring inflammatory cells to
the area in the form of thrombosis of the
mesenteric or submucosal vessels.

Discussion

The lethal dose of ischemia from experi-
mental mesenteric artery occlusion in ani-
mals is about four hours.1, 12 This implied
time limit, if applied to superior mesenteric
artery occlusion in man, would leave little
practical opportunity for mesenteric arterial
embolectomy with recovery. We attempted
to study the bowel injury itself, eliminating
secondary general effects on the organism
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FIG. 9. Injury at 7 hours showing apparently viable
cells at base of crypts.

by observing the changes in a short isolated
segment of bowel. Here nearly twice this
period of ischemia was required to produce
injury which would not heal. Injury beyond
the capacity for healing may be the prin-
ciple limiting factor in recovery, rather than
the largely manageable effects of exudative
losses, bacterial infection and temporary in-
terference with nutrition.
The severity of ischemic injury to bowel

will be a function not only of duration of
ischemia but also of degree of ischemia. The
maximum duration of ischemia consistent
with recovery defined in the described ex-
periments would almost certainly be ex-
tended by making the circulatory arrest less
complete. Thus, the little trickle of collat-
eral circulation in the human patient with
mesenteric infarction explains recovery after
reconstructive vascular surgery when the
duration of ischemia has been well beyond
eight hours, and also makes such surgical
treatment of this disorder a hopeful, prac-
tical, and reasonable thing.
The duration of ischemia compatible with

survival of bowel in such experiments as
these could undoubtedly be improved by
control of intestinal bacteria since there is
increasing evidence that bacteria are syner-
gistic with ischemia in producing further
damage to the gut. Several investigators
have shown a protective action of antibi-
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otics with experimental mesenteric obstruic-
tions as Nvell as in stranguilation obstruic-
tions.3' 5-.12, 13 Cohn 5, 6 showed not only
longer survival in ischemic bowel by treat-
ment with intestinal and systemic anitibiot-
ics, but remarkable preservation of musoca
which otherwise would have been com-
pletely destroyed.

Further breakdown of the mucosa fol-
lowing the ischemic period is probably a
function of bacterial action. This factor
probably comes into play only with severer
injuries. In lesser injuries the tremendous
repair potential of the intestinal mucosa
predominates. The normal rate of turnover
of intestinal mucosal cells is truly remark-
able, the entire mucosa being replenished
in 36 hours in rat and man 1, 8,9 and in 54
hours in cats.10
The present experiments as well as those

of Cameron and Kharma 4 show that even
brief ischemic periods, though compatible
with survival, produce injury to the intes-
tinal mucosa. The injury of a brief ischemic
period heals quickly as shown by Cameron
and Kharma and in the two-hour ischemic
injuries in these experiments.
On the other hand, re-organization and

repair in severely injured mucosa took
weeks in some cases. This is consistent with

FIG. 10. Autopsy following 8-hours ischemia.
Preservation of connective tissue framework with
inflammatory cells. Dark areas in mucosa are bac-
teria. Underlying muscle is necrotic.
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the prolonged period of malabsorption ob-
served after mesenteric embolectomy in
Rutledge&s patient.'4

Information from animal w7ork is onlv
tranisferable to the patient in a qualitative
manner. The better supportive therapy pos-
sible with patients will improve their chance
of recovery. The presence of collateral cir-
culation will slow down the progression of
ischemic injury during occlusion of the ma-
jor artery. Potential survival cannot be esti-
mated from the duration of ischemia as
judged from the clinical history or even the
appearance at the time of exploration.
Viability can be better ascertained after
restoration of circulation, but in doubtful
cases the decision should be delayed to a
second operation 12 to 24 hours after res-
toration of flow.

In many respects the bowel injury due to
temporary interruption of the arterial blood
supply resembles a thermal burn with the
source of heat within the bowel lumen. A
relatively brief ischemia "burn" of one to
two hours merely singes the tips of the villi.
The depth of the "burn" increases with the
duration of ischemia until between seven
and eight hours the injury is "full thickness"
with necrosis of the muscularis and perfora-
tion. Whether the latter phenomenon is
due to complete breakdown of the mucosal
barrier, irreversible blood vessel damage,
or some other factor is not yet known.
As in a skin burn the extent may not be

determinable initially, a deep second de-
gree burn may be extremely difficult to tell
from a third degree one. As in epidermis,
a functional organ may regrow from just
a few viable elements. The amount of sup-
portive therapy necessary to effect recovery
may be comparable to that required in an
extensive skin burn.

Finally, the poor salvage rate presently
expected from reconstructive vascular sur-
gery in massive intestinal infarction is con-
siderably better than the 100 per cent fatal-
ity expected with no treatment. Poor sal-

vage has not discouraged vigorous treat-
ment of extensive buirns and both an in-
crease in clinically applicable knowNledge
and surv7ival rate has resuilted. The same
cani be expected from the vigorous pursuit
of therapy in the case of the extensive
ischemic "burn" of bowel.

Summary

1. The recovery potential of small bowel
subjected to complete ischemia is great and
is a function of the duiration of ischemia.
Ischemic periods of as long as seven hours
are tolerated by isolated small bowel loops
w7ithout the use of antibiotics.

2. Recovery may be quite prolonged,
taking several weeks in some instances, but
may proceed from only a few viable epi-
thelial cells to a well organized, near nor-
mal mucosa.

3. Important considerations in transfer-
ring this information to the treatment of the
patient with superior mesenteric ischemia
are discussed.
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