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INTRODUCTION

Radiotherapy is an important tool for curative treat-

ment of malignant disease and may also alleviate distres-

sing symptoms in patients with metastases. Since both

healthy and malignant cells are injured and killed by

ionizing radiation, the classical dilemma in radiotherapy

is to select a radiation dose which will ensure tumor era-

dication without causing unacceptable damage to vital or-

gans included in the irradiated volume. The probability of

lethal radiation damage to normal or malignant cells by

increasing radiation doses is generally described by two

sigmoid curves where the biological effect is a function

of radiation dose (Fig. 1).

1.0-
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Fig. "i.
Theoretical curves des-
cribing the probabilities
of achieving tumor cure
and development of normal
tissue necrosis as a
function of the radiation
dose. Redrawn from
Bloomer and Hellman, 1977
(3).

By conventional fractionation, and at a given total

radiation dose in the range of 50 to 70 Gy, curve slopes

increase steeply, and separation of the curves on the

ordinate axis, i.e. the therapeutic ratio, is narrow (1-

3). Fractionation of the total radiation dose, which

favors repair of radiation injury to normal tissue over



repair processes in tumor tissue, and permits tumor re-

oxygenation between treatment fractions, is at present the

best way to increase the therapeutic benefit of radiothe-

rapy (2). Any measure which can further enhance tumor ra-

diosensitivity or reduce normal tissue radiation damage

will better separate the response curves shown in Fig. 1.

Consequently, an increased probability of tumor eradica-

tion by a given dose is obtained at less cost in damage to

normal tissue.

It is possible to enhance the radiosensitivity of

tumors while not modifying the amount of damage caused to

normal tissues by employing chemical radiosensitizers.

Metronidazole (4), and more recently misonidazole (5) have

been used up to now, but their clinical usefulness is ham-

pered by neurotoxic side effects (5,6). However, by far

the most important determinant of cellular radiosensitivi-

ty is the tissue oxygen content at the time of irradiation

(7,8). Cellular injury caused by low linear energy trans-

fer ionizing radiation is largely mediated by the inter-

action of highly reactive radicals with molecular oxygen

dissolved in irradiated tissues (9). During hypoxia cel-

lular radiation injury is substantially reduced. Experi-

ments in animals and man have repeatedly demonstrated that

the rate of cell destruction by low linear energy transfer

radiation is 2.5-3 times higher in the presence of oxygen

than under hypoxic conditions (7,8,10,11), i.e. the dose-

modifying effect of oxygen is 2.5-3» Tissue oxygen tension

in excess of 30-40 mm Hg (4-5 kPa) does not increase mam-



malian cell radiosensitivity much; anoxia is necessary to

induce maximal radiation protection (Fig. 2).

3.0-

50 100
Oxygen tension ImmHg)

760

Fig. 2.
Experimental curves show-
ing the influence of oxy-
gen on radiosensitivity.
Redrawn from Gray, 1961
(8).

Many human tumors have areas of necrosis (12) and

thus are likely to harbour hypoxic yet viable and clonoge-

nic malignant cells. Hypoxic neoplastic cells are compara.-

tively radioresistant (13-15), and their regrowth after

cessation of radiotherapy is believed to be an important

cause of radiotherapeutic failure. Experimental evidence

of the dose-modifying effect of oxygen (8) together with

the recognition that many human tumors may contain areas

of radioresistant hypoxic cells (15) led to clinical

trials where patients were irradiated in hyperbaric oxygen

to enhance tumor oxygenation in order to increase tumor

radiosensitivity. However, attempts to improve cure rates

of human tumors by irradiation in hyperbaric oxygen (16,

17) have gained limited success compared to conventional

radiotherapy (18,19) •

Another way of exploiting the oxygen effect in radio-

therapy is to protect normal tissues against radiation in-

jury by inducing temporary hypoxia at the time of irradia-

tion. Provided selective ischemia and hypoxia of sensitive

organs within the irradiated volume are possible, tumor



radiation doses might be substantially increased without

increasing damage to the protected normal tissues. Repair

* of sublethal radiation damage (20) may be less effective

if severe hypoxia persists after irradiation (21), depri-

ving cells of oxidative energy needed for the repair pro-

cess. However, cell respiration is largely preserved at

very low oxygen tension (22;, well beyond the levels of

hypoxia useful for radiation protection (8,23). Also,

hypoxia confined to the time of irradiation permits later

repair of sublethal radiation damage in the gut (24).

The small intestine can be rendered transiently

ischemic and hypoxic by proximal arterial occlusion (25,

26), selective or systemic administration of vasoconstric-

tive agents (27-29), or by mesenteric arteriolar emboliza-

tion of degradable starch microspheres (30,31-33). Any of

these ischemia-producing methods can protect the intestine

against low linear energy transfer ionizing radiation (25,

27,30).

The radiation dose that can safely be delivered to

abdominal and retroperitoneal tumors is often restricted

by the relatively low radiotolerance of the small intes-

tine. The rate of mucosal cellular regeneration is such

that the enteric epithelium is completely rep3aced within

3-6 days by cell proliferation in the crypts (34,35). This

rapid cell renewal renders the mucosa highly vulnerable to

radiation damage (3>36-39). On the other hand, the small

intestine can survive circulatory arrest for at least 30-

60 min (40-42), although the mucosa in particular is sen-

sitive to ischemic injury. Signs of ultrastructural muco-

sal damage have been reported 3-5 min after the onset of



circulatory arrest (43,44). After 30-60 min, epithelial

cells covering the upper part of the villi are desquamated

into the lumen (40,42). With further prolongation of

ischemia, cell desquaraation progresses towards the villous

bases and the crypts. Rat crypt cells are reported to to-

lerate ischemia for 1-2 hours before showing severe damage

(43,46). Mucosal regeneration after temporary ischemia

lasting for one hour is complete within one day (40),

while ischemia lasting for two hours requires a repair pe-

riod of one week before mucosal regeneration is complete

(42). The dog mucosa is capable of recovery after ischemic

traumas lasting for up to seven hours (47). Similar tole-

rance to intestinal ischemia is reported in man .(48,49).

Generally, structural intestinal recovery closely paral-

lels functional absorptive recovery (42).

The short ischemic periods produced in the present

study (vide infra) by mesenteric arteriolar starch sphere

embolization, proximal mesenteric arterial occlusion, or

by roesenteric arterial vasopressin administration should

thus be well tolerated by the small intestine.

Intestinal damage caused by ionizing radiation has

been known since Walsh in 1897 described "abdominal ten-

derness on pressure, flatulence, colic and diarrhoea"

after radiation exposure (50). With the advent of intraca-

vitary radium treatment for gynecological malignancies,

and later external megavoltage irradiation, local pelvic

and abdominal midplane radiation doses could be conside-

rably increased. Consequently, severe acute and late radi-

ation sequelae became greater clinical problems. Fractio-

nated radiation doses in excess of 50 Gy may cause serious



intestinal damage (51-54), especially so when the daily

fractions exceed 2.5-3 Gy (53)• Symptoms of acute small

intestinal radiation damage are believed to be caused

mainly by mucosal injury (36,55) and include abdominal

distension and colics, nausea, vomiting, and diarrhea (36,

50,55). These symptoms usually subside within weeks after

cessation of radiotherapy. Serious late radiation damage

may appear a few months to several years afterwards as

malabsorption syndromes, hemorrhage, intestinal obstructi-

on, or perforation with peritonitis or fistula formation

(51-53,55-58). Predisposing factors to such severe late

radiation damage to the small intestine include earlier

abdominal operations (55,59), diabetes mellitus, hyperten-

sive vascular disease, or thin physique (55,60,61). Clini-

cal symptoms are often progressive (52,55). Surgical mana-

gement of late radiation sequelae is hampered by delayed

wound healing and increased risk of infection. Serious

postoperative complications are common, and the mortality

rates are high (51,52,55,62-6*0. Inevitably, the risk of

such life-threatening injuries must limit abdominal radia-

tion doses. On the other hand, a radiation dose of 50 Gy

during 5 weeks will usually not control bulky abdominal or

retroperitoneal tumors. Effective hypoxic radiation pro-

tection of the small intestine may therefore permit more

extensive irradiation of abdominal tumors and thus favo-

rably influence cure rates.



On this background, the following aims of the present

experimental work were formulated:

1) to assess the efficacy of mesenteric embolization of

degradable starch microspheres to produce temporary

small intestinal ischemia (paper I).

2) to investigate if major acute or delayed adverse

effects were associated with such use of starch

microspheres alone or in combination with irradiation

(papers II-III-IV).

3) to compare a) intestinal ischemia produced by starch

microspheres with b) intestinal ischemia produced by

proximal superior mesenteric arterial occlusion, and

c) intestinal ischemia produced by superior mesenteric

arterial vasopressin administration (paper I versus

paper V-VI).

M) to evaluate the use of isotope kinetics to monitor the

degree and duration of induced feline small intestinal

ischemia (papers I and VI).
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MATERIALS AND METHODS

Studies in roan

In vitro studies of human platelet adhesion to and aggre-

gation by degradable starch microspheres were performed.

Platelet adhesion to starch surfaces was tested by passing

platelet-rich plasma through starch columns and measuring

platelet retention in such columns (65). Aggregation by

thrombin and collagen after platelet exnosure to starch

microspheres was tested by the method of Born (66).

Animal preparation

Seventy cats of either sex were used in the study. The cat

was chosen as a convenient animal model since the feline

small intestinal anatomy (67,68), intramural vessel arran-

gement (68,69), and blood flow per g of tissue (68,69) are

similar to that of man. The superior mesenteric artery

divides into fewer arcades in the cat, the marginal artery

is better defined, and the vasa recta are connected

through anastomoses (67). Otherwise, the intraabdominal

vascular anatomy, arterial anastomoses, and boundaries be-

tween the celiac axis and the superior and inferior mesen-

teric arteries are very similar to conditions in man (70).

The cats were anesthetized with pentobarbital sodium.

The superior mesenteric artery was exposed through a mid-

line laparotomy and carefully separated from enveloping

nerve fibers over a length of about 2 cm. A small branch

of the artery was cannulated to permit intraarterial in-

jection of technetium-labeled or unlabeled degradable

starch microspheres, vasoactive agents, or technetium

tracer. Cannulation of the portal vein, the abdominal
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aorta, and the left ventricle of the heart was performed

for blood sampling, monitoring of blood pressure, and

blood flow measurements.

Measurements of blood flow

Mesenteric arterial or venous blood flow was measured by

electromagnetic flowmetry. Tissue blood flow in abdominal

and retroperitoneal organs was measured by the microsphere

distribution method. The reference sample technique des-

cribed by Heymann et al. (7D was used. The chosen micro-

sphere size of 15 pm ensured that more than 98-99 * of

injected microspheres were trapped in the mesenteric vas-

cular bed (72,73). Also, it is possible to measure blood

flow separately in the muscularis and the mueosa-submuco-

sa layers by using microspheres of this size (72-7*0. At

each determination of tissue blood flow, about 10 spheres

were injected. The number of spheres in mucosal samples

before induction of temporary ischemia was well above 400

spheres per sample in all animals, and fell to a minimum

of 0-100 spheres per sample at maximal ischemia.

Gamma camera studies

Two basically different methods were evaluated. In paper I

the occluding agent itself, i.e. degradable starch micro-

spheres, were labeled with ^*mTc tracer, and isotope

disappearance from the gut was measured by means of an

external gamma camera. Since the occluding labeled starch

microspheres must be degraded before elimination from the

intestinal microcirculation, a relationship between

intestinal tracer disappearance and intestinal blood flow

recovery was sought. In paper VI, mesenteric half-life and

minimum raesenteric-cardiac transit time of freely
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dissolved TcO^ injected into the superior mesenteric

artery were evaluated as indicators of mesenteric blood

flow reductions and recovery following intraarterial

vasopressin administration.

Degradable starch microspheres

The starch microspheres were produced and generously sup-

plied by Pharmacia AB, Uppsala, Sweden. The spheres con-

sist of a cross-linked polysaccharide network. Following

intravascular injection, the particles are degraded by

serum amylase. According to the manufacturer, sphere size

is maintained until the final stage of dissolution. The

polysaccharide material then becomes plastic and is final-

ly swept through the capillaries, whereupon regional blood

flow is re-established. The duration of the degradation

period depends on sphere size, the degree of starch cross-

linking, and on serum amylase activity. According to the

producer, the 40 jim spheres (40/15, batch 70635, 60 mg/ml)

had a half-life in terms of mass of 6 min or 12 min at

amylase concentrations of 1800 or 240 IU/1, respectively.

Coagulation parameters

Concomitant arterial and portal venous concentrations of

blood platelets (75), fibrinogen (76), and coagulation

factor VIII (77) were measured in order to detect thrombo-

tic consumption of these coagulation entities in the mes-

enteric microcirculation during starch microsphere-induced

ischemia, or during such ischemia combined with irradia-

tion.
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GENERAL DISCUSSION

Ischemia induced by starch microspheres

Experiments with mesenteric erabolization of inert micro-

spheres have established that spheres with diameters lar-

ger than 20-25 ̂ m do not reach the villi (73)» and only a

minor proportion of such large spheres lodge in the muco-

sa layer (73*78). These findings are explained by the vas-

cular architecture. Branches from the superior mesenteric

artery enter the submucosa to form an extensive vascular

network. This submucosal plexus delivers smaller vessels

to the mucosa and also branches to the muscularis layer.

The latter layer is also supplied by branches arborizing

directly from the mesenteric arcades (68,7*0. Small intes-

tinal vessels generally do not permit arteriovenous pas-

sage of 40 yum spheres (72,73). Neither can such large par-

ticles easily traverse the hepatic or pulmonary vascular

beds, especially since starch particles are rapidly taken

up by macrophages (IV). Thus, intestinal, hepatic, or pul-

monary shunting of starch microspheres leading to poten-

tially dangerous systemic erabolization is unlikely.

Following disintegration, sphere remnants and solu-

bilized starch must pass through mucosal arterioles and

capillaries before mucosal blood flow is fully restored.

Consequently, blood flow to the submucosa and muscularis

layers probably is restored somewhat earlier than is blood

flow to the mucosa proper. However, since the starch main-

tains spherical shape until final dissolution occurs, the

delay in mucosal reoxygenation probably is of short dura-
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tion. Arfors and coworkers showed that the oxygen tension

in pig small intestine fell to very low levels in 3-^ min

subsequent to mesenteric starch microsphere erobolization

(31). Forsberg et al., working with rats, showed that such

oxygen-deprived intestine was protected against acute

mucosal and late fibrotic radiation injury (30,32,33)- Our

study in cats (I) showed that intense small intestinal

ischemia could be achieved by the use of starch microsphe-

res. Superior mesenteric arterial and small intestinal

blood flow was reduced by about 85-90 %, and the induced

ischemia was evenly distributed along and confined to the

small intestine.

Severe ischemia brought about by occluding and widely

distributed intravascular foreign particles might produce

thrombotic complications (79,80), especially when combined

with irradiation which by itself damages small vessels and

endothelial cells (81,82). Thrombosis reduces or arrests

blood flow, and blood platelets, coagulation factor VIII

and fibrinogen are consumed during the thrombotic process

(83-85). The resulting thrombi can be histologically de-

monstrated in the vessels (86). Mesenteric consumption of

such coagulation elements coulJ not be detected in 26 ani-

mals during severe temporary ischemia induced by mesente-

ric arteriolar embolization of degradable starch micro-

spheres (II,III). Previous or concurrent irradiation of

the ischemic small intestine did not influence these fin-

dings. Neither were intestinal thrombi detected by histo-

logical examination in 10 animals, and intestinal blood

flow consistently recovered ta levels compatible with full

recovery of small intestinal integrity and function in 48
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consecutive cats which received intraarterial mesenteric

injection of degradable starch microspheres (I,II,III,IV).

It is emphasized that 26 of these U8 animals did not

receive any sort of anticoagulant therapy.

Platelet adhesion to foreign surfaces and their sub-

sequent aggregation to form a platelet plug is believed to

be an important initial event in the thrombotic process

(85). Potential human blood platelet adhesion to, and ag-

gregation by exposure to starch microspheres were there-

fore investigated (paper II). The platelets did not adhere

to starch microsphere surfaces when filtrated through

starch columns, nor did starch microspheres by themselves

aggregate human platelets or influence their subsequent

aggregation by collagen or thrombin. Thus, exposure to

starch microspheres neither initiates adhesion nor aggre-

gates human blood platelets in vitro. Neither was thrombo-

sis induced in the ischemic and irradiated feline small

intestine in vivo by mesenteric arteriolar embolization of

such starch spheres. Also, intestinal resistance vessels

exposed to irradiation during or preceding starch micro-

sphere-induced ischemia showed normal responses to known

vasoactive agents. Small intestinal mucosal blood flow

determined 1M days after temporary ischemia was within

normal limits. On this basis, it is inferred that no

serious acute or delayed intestinal vascular damage was

caused by starch microsphere embolization in cats.

The starch spheres used in the present study are de-

graded by endogenous amylase activity (31,33). Mean amyla-

se concentration in 48 cats was 1158 arbitrary units (ran-
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ge 525-2280); this level is about 5-15 times higher than

corresponding normal human serum amylase activity determi-

ned by this analytic method. Consequently, sphere degrada-

tion rate and thus the time elapsing before regional blood

flow recovery following starch microsphere embolization of

human vessels might be expexted to be prolonged compared

to the conditions in the cat. However, pi eliminary data at

our institution indicate that starch microsphere degrada-

tion rate in vessels of the human colon is not very diffe-

rent from that in the cat (unpublished). These findings

are consistent with reports which assessed regional blood

flow by angiography following starch microsphere-induced

circulatory arrest in the human hepatic artery (87,88).

Also, there was no close correlation between amylase

concentrations and duration of starch microsphere-induced

ischemia in cats (I,II,III,IV).

Technetium-labeled starch microspheres were exponen-

tially eliminated from small intestinal vessels (I). The

tracer initially accumulated in the liver area before

leaking to the systemic circulation. Morphological studies

showed that microsphere remnants were rapidly engulfed by

tissue macrophages. Within 2 hours, PAS-positive fragments

were detected in macrophages located in Peyer's patches in

the feline terminal ileum (III). Starch fragments were re-

gularly found at this location 2 weeks after initial mic-

rosphere embolization (IV). Starch retention in lymphoid

tissue did not elicit any discernible inflammatory reac-

tions and apparently caused no harm since no clinical

signs of intestinal malfunction were demonstrated in the



group of 15 cats observed for 2 weeks after mesenteric

starch sphere embolization causing severe ischemia lasting

for at least 10 min. Furthermore, normal intestinal

mucosal blood flow was found after 2 weeks (IV).

In summary, mesenteric erabolization of degradable

starch microspheres in the cat consistently produced a

most severe and localized temporary small intestinal

ischemia by arteriolar occlusion distal to the mesenteric

arterial arcades, thus largely excluding the possibility

of collateral blood supply. Such ischemia was well suited

to provide hypoxic radiation protection of the small in-

testine. Acute or delayed adverse effects were not obser-

ved following such ischemia in 48 consecutive experimental

animals. In preliminary experiments, intraarterial injec-

tion of starch microspheres produced similar temporary

ischemia in segments of the human colon.

Ischemia induced by proximal arterial occlusion

In cat (67,70) and man (89), the superior mesenteric

artery supplies the entire small intestine and receives

cranial arterial anastomoses from the celiac axis and

caudal ones from the inferior mesenteric artery.

Mechanical occlusion of branches from the superior

mesenteric artery has been used to produce ischemia and

hypoxic radiation protection of the small intestine in

animal experiments (25,26,90-95). Selective percutaneous

catheterization of the human superior mesenteric artery

under fluoroscopic control with temporary proximal occlu-

sion of its lumen is possible by inflatable balloon cathe-
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ters (96). We therefore investigated the immediate effect

of proximal superior mesenteric arterial occlusion on the

blood supply of the feline small intestine to evaluate the

degree and distribution of such ischemia in the cat. Supe-

rior mesenteric venous blood flow decreased by 50 %, and

concomitant mucosal tissue flow was reduced by 40 % in the

proximal and distal ends of the small intestine. The mid-

dle segments had their mucosal blood flow reduced by 60 %

(V). Blood flow reduction of this intensity may render the

villi tips severely ischemic (97) and thus protect against

radiation damage. The postulated villous countercurrent

exchange (98) may augment villous ischemia (97,98). On the

other hand, the proliferating cells, which are most in

need of radiation protection, are located deep in the in-

testinal crypts (3*0 and do not suffer comparable ischemia

(98). Since optimal hypoxic radiation protection demands

virtual anoxia (7,8), these cells probably are not opti-

mally protected against radiation damage by proximal mes-

enteric arterial occlusion. Moreover, ischemia in the

proximal and distal parts of the small intestine was

clearly less severe than in central segments. The degree

and the distribution of temporary ischemia induced by

proximal occlusion of the superior mesenteric artery,

which permitted considerable collateral blood supply to

the gut, were thus probably not sufficient for the purpose

of radiation protection of the feline small intestine.

Ischemia induced by mesenteric vasopressin infusion

Local mesenteric or systemic intravenous administration of
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vasoconstrictor agents can reduce mesenteric blood flow.

Norepinephrine (99) and angiotensin-II (100) administra-

tion only transiently reduces mesenteric blood flow in the

cat, and were therefore not used in the present study. It

has been claimed that vasopressin exerts selective con-

striction on mesenteric vessels (101), but other studies

have failed to confirm such specificity (29,102). Selecti-

ve arterial vasopressin administration may serve to loca-

lize the induced vasoconstriction, but some degree of sys-

temic effects seems unavoidable in man (29). Administra-

tion of epinephrine together with propranolol (27), vaso-

pressin administration (27,101,103,104), or local appli-

cation of various vasoconstrictors (105,106) have all been

successfully used for ischemic radiation protection of the

small or large intestine. Ideally, vasoconstrictor agents

used for this purpose should induce a severe, specific,

and short-lived small intestinal ischemia free of systemic

side effects. In the present study, intraarterial vaso-

pressin infusion (0.075 U/kg/min) effectively lowered

blood flow in the superior mesenteric artery and in the

small intestinal mucosa by 85 and 80 per cent, respective-

ly (VI). The villous countercurrent exchange may render

the villi more hypoxic than the reduced blood flow would

indicate (97,98), but the proliferating cells in the

crypts (3*0 would be less ischemic (98) and thus less pro-

tected. Higher doses did not further deepen intestinal

ischemia. A uniform and stable vasoconstrictor response

was elicited in all segments of the small intestine. Lower

doses caused less flow reduction and may not induce the
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very severe hypoxia (7,8,23) necessary for maximal radia-

tion protection. On the other hand, Borgstrøm et al. (107)

found that mesenteric arterial vasopressin injections, in

much lower doses than those used in the present study,

better protected the canine gut against radiation injury

than either mesenteric vessel clamping in isolated bowel

loops or bolus mesenter.ic arteriolar embolization of de-

gradable starch microspheres. However, their study neither

evaluated nor discussed possible effects of vasopressin-

induced systemic vasoconstriction on blood flow to retro-

peritoneal tissues, where metastases from abdominal tumors

may lodge. Malignant tumors usually derive their blood

supply from pre-existing vessels in tissues invaded by the

tumor. Neo-vascularization mediated by tumor angiogenetic

factors regularly occurs (108). Newly formed vessels may

lack adrenergic receptors (109)> yet vessels supplying tu-

mor tissue may maintain the ability to respond to various

vasoactive agents (110-112). In our studies, vasopressin

doses which substantially reduced small intestinal raucosal

blood flow also induced retroperitoneal vasoconstriction,

which may cause hypoxic radiation protection of tumor

cells as well as normal tissues. Vasopressin is reported

to elicit essentially similar vasoconstrictive responses

in cat (28,113) and man (28,29), and has been shown to

reduce blood flow in rat sarcoma (114). Thus, severe and

selective small intestinal vasoconstriction, ischemia, and

radiation protection by mesenteric intraarterial vasopres-

sin administration in cancer patients subjected to radio-

therapy may not be possible.
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Gamma camera studies

Less than 1-2 per cent of spheres with diameters more than

15 pm can traverse the intestinal microcirculation to

appear in portal blood (72,73)-

Technetium tracer linked to **0 pn starch microspneres

and injected into the superior mesenteric artery was the-

refore retained in small intestinal vessels, obstructing

blood flow, until starch disintegration by serum amylase

permitted tracer passage through the capillaries (I). As

the obstructing technetium-labeled spheres were elimina-

ted, small intestinal blood flow recovered. Provided ini-

tial small intestinal circulatory arrest is induced by

starch sphere embolization, the rate of technetium disap-

pearance from the small bowel may serve as a useful esti-

mate for the duration of starch sphere persistence in mes-

enteric vessels, and thus noninvasively estimate the dura-

tion of ischemia. However, no information about the degree

of initial starch sphere induced ischemia can be obtained

by this scintigraphic procedure, where tracer is linked to

an obstructing agent.

It is possible to estimate blood flow by isotope

clearance methods (115). We therefore used mesenteric ar-

terial injection of '^TcO^ to assess small intestinal

blood flow alterations following arterial mesenteric

vasopressin administration (VI). Minimum mesenteric-

cardiac transit time and half-life for isotope disappear-

ance from the intestinal area both increased considerably

when small intestinal blood flow was reduced



by vasopressin administration. Exact determination of

isotope half-life proved to be an unreliable indicator of

cat small bowel ischemia, whereas a doubled mesenteric-

cardiac transit time was always associated with reduction

of small intestinal blood flow to less than "'3 of control

value. We therefore concluded that prolonged transit time

may permit identification of individual cats with severe

small intestinal ischemia. At present, however, no simple

scintigraphic method for the detection of human intestinal

ischemia is available for routine clinical use.

Comparison of methods for induction of ischemia

The three different methods for production of temporary

small intestinal ischemia in the cat shall now be compa-

red. Mesenteric arteriolar embolization by 40 um degradab-

le starch microspheres produced a most severe temporary

small intestinal ischemia in all segments of the small in-

testine. Moreover, the induced ischemia was strictly con-

fined to the small bowel. No adverse systemic effects were

observed. Serious acute or late adverse effects of the

spheres were not detected.

Arterial mesenteric vasopressin infusion induced se-

vere and uniform small intestinal ischemia. However, sys-

temic vasoconstriction was elicited by the high vasopres-

sin doses necessary to produce the desired intensity of

mucosal ischemia. Such systemic vasoconstrictor effects

may induce unwanted radiation protection of the malignant

target cells.

Abundant collateral blood flow through mesenteric ar-
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terial anastomoses rendered proximal superior mesenteric

arterial occlusion by mechanical means largely ineffective

since the induced ischemia probably was not severe enough

to provide optimal intestinal radiation protection.

Neither was such ischemia evenly distributed along the

gut, and therefore less useful for protection of the

proximal and distal segments of the small intestine.

Similar comparisons between temporary small intesti-

nal ischemia induced by mesenteric starch microsphere em-

bolization, proximal superior mesenteric arterial occlu-

sion, or mesenteric arterial vasopressin administration

can not be made in man since measurements of the degree,

distribution, and duration of ischemia produced by such

means are lacking. Experimental findings obtained in ani-

mals may not necessarily apply to conditions in humans.

However, we have indicated that arterial embolization of

degradable starch microspheres does cause severe rever-

sible ischemia in segments of human large bowel as well as

in cat small intestine. Also, starch microspheres induced

temporary hepatic arteriolar blockade in patients with

liver metastases (87,88). Further careful investigation of

starch microsphere-induced intestinal ischemia in man is

necessary before general clinical use, but the method

seems promising at the present time.

Selective vasopressin administration in man reduces

mesenteric blood flow (28,29), but severe mesenteric

ischemia can not be achieved without systemic vasoeon-

striction (29) which may protect tumor cells as well as

normal cells against radiation injury. The desired gain in
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differential radiation sensitivity may thus prove diffi-

cult to reach by means of vasopressin administration.

The human small intestine can survive for several

hours following mesenteric arterial occlusion. Successful

superior mesenteric embolectomy has been performed in

patients 12-30 hours after onset of symptoms (89,116-12M);

concomitant bowel resection was not necessary in these

patients. To remain viable, the bowel must have received

substantial collateral blood supply. Thus, the degree and

distribution of intestinal hypoxia following proximal su-

perior mesenteric arterial occlusion in man may not be

severe enough to provide optimal conditions for hypoxic

radiation protection of the small intestine. From these

considerations, it is inferred that temporary intestinal

ischemia for radiation protection, in man as well as in

the cat, is probably best produced by mesenteric arterio-

lar embolization with degradable starch microspheres.
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CLINICAL PROSPECTS.

Any increase in differential radiation sensitivity of

malignant compared to normal cells may increase cure rates

in cancer patients treated by radiotherapy (3)» In man,

degradable starch microspheres can be administered into

the superior mesenteric artery through a selective percu-

taneous arterial catheter. The risk of catheter complica-

tions is small in expert hands (96). The degree and dura-

tion of the induced ischemia may be assessed by direct

angiographic visualization of mesenteric vessels, by iso-

tope kinetics as in the present study, or by continuous

measurements of intestinal oxygen tension using oxygen

sensitive electrodes (31). Hypoxic radiation protection of

the radiosensitive small bowel can increase intestinal

radiotolerance by a factor of 1.4-2.3 (30,32), and thus

permit increased irradiation of abdominal or retroperito-

neal malignant tumors. Without protective measures, an

intestinal radiation dose of 50 Gy delivered in 25 frac-

tions over five weeks (CRE-value 1560 reu (125)) carries

less than 5 % risk of serious bowel injury (54). The risk

of unacceptable small bowel damage increases steeply to

25-50 % if cumulative radiation doses are raised to 64-70

Gy (54), corresponding to a CRE-value of 1850-1950 reu.

This dose level approaches connective tissue tolerance

(125,126) and can not be further increased without risking

radionecrosis of normal tissue included in the irradiated

volume (2,54,125,126). Although a dose gain of 14-20 Gy

achieved by intestinal hypoxic radiation protection may
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seem small, cure rates as well as normal tissue damage in-

crease steeply in the dose range 50-70 Gy (Fig. 1). Conse-

quently, doses equivalent to CRE-values of 1850-1950 reu

have much better probability for tumor control than con-

ventional abdominal radiation doses of CRE-values of 1500-

1600 reu (2,3). However, such high cumulative doses can

only be permitted if the small bowel can be protected

against the disastrous radiation injuries usually inflic-

ted at the higher dose levels C51 — 64).

Patients selected for intensified curative abdominal

radiotherapy during hypoxic small intestinal radiation

protection should meet the following criteria: 1) the pro-

spects of cure by conventional therapeutic methods are re-

mote, 2) the patients are in good general "condition and

free of visceral arteriosclerotic disease, and 3) all

known tumor tissue must be encompassed by the radiation

portals.

Provided effective hypoxic small intestinal radiation

protection proves feasible in man, intensified radiation

therapy of localized abdominal tumors may cure patients

who at the present time can not be saved by any treatment.
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SUMMARY OF CONCLUSIONS

1.

Administration of degradable starch microspheres into the

superior mesenteric artery in cats instantly induced se-

vere temporary small intestinal ischemia which was uni-

formly distributed along, and restricted to the small bo-

wel. No tendency of small vessel thrombosis caused by

starch sphere embolization in combination with previous or

concurrent intestinal irradiation was detected. Starch

sphere remnants were rapidly engulfed by, and persisted

within tissue macrophages for 14 days without causing in-

testinal inflammatory reactions. In vitro studies showed

that human platelets neither adhered to nor were aggre-

gated by starch microspheres (I-IV).

2.

Proximal superior mesenteric artery occlusion in the cat

caused only moderate small intestinal ischemia due to

abundant collateral flow. The oral and cecal segments of

the small intestine were the least ischemic (V).

3.

Mesenteric arterial vasopressin administration effectively

induced severe and uniform feline small intestinal ische-

mia, but systemic vasoconstriction invariably occurred and

may cause radiation protection of tumor tissue as well as

of the small intestine (VI).
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4.

Of the three ischemia-inducing methods investigated, tem-

porary small intestinal ischemia produced by mesenteric

erobolization of degradable starch microspheres, which oc-

clude arteriolar vessels distal to the mesenteric arterial

arcades and thus largely exclude collateral blood flow,

seemed best suited to provide effective and selective fe-

line small intestinal hypoxic radiation protection (I-V-

VI). This conclusion may also be valid in man.
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TRANSIENT INTESTINAL ISCHAEMIA INDUCED

BY DEGRADABLE STARCH MICROSPHERES

Experiments in the cat

K. LOTE, M. FØLLING, B. ROSENGREN, K. SVANES and J. LEKVEN

The basic concept of radiation therapy is tumour
eradication without unacceptable injury to normal
tissue. This is possible when the tumour is more
sensitive to radiation than the normal tissues, i.e.
when a therapeutic ratio exceeding one exists. Such
a ratio can be raised by increasing tumour sensitivity
or by decreasing normal tissue sensitivity.

The search for tumour specific sensitizers has not,
up to now, resulted in clinically applicable methods.
As oxygen plays an active role in the formation of
free cytotoxic radicals mediating the biologic effect
of commonly available ionizing radiation for clinical
use (photons and electrons), the oxygen tension in
the tissues can modify the radiation effect (GRAY

et coll. 1953). The sensitivity of hypoxic cells in
tumours can theoretically be raised by hyperbaric
oxygen treatment at the time of irradiation, and the
radiation sensitivity of the normal tissues can be
decreased by methods causing hypoxia.

The hyperbaric oxygen treatment principle has
been clinically tried (CHURCHILL-DAVIDSON et coll.
1957) but the results have not been convincing, and
on account of complications this method is no longer
used. Other methods increasing the oxygen content
in the tissues by means of peroxide infusion have
also been abandoned.

Protection of normal tissues by induction of
hypoxia has recently been described. PENN et coll.
(1975) demonstrated effective hypoxic protection to
radiation of the gut induced by clamping the mesen-
teric arteries in dogs. STECKEL et coll. (1969a, b)

and JOHNSON et coll. (1968) demonstrated a similar
protection of the gut and kidneys using vaso-
constricting agents.

ARFORS et coll. (1976), in pigs, induced a transient
hypoxia in the small intestine by the injection of
degradable starch microsphere (DSM) into the
superior mesenteric artery. FORSBERG (1978 a)
demonstrated a radiation protective effect on the
hind foot and the same author (1978 b) as well as
FORSBERG & JUNG (1978) found a similar effect in
the small intestine of the rat after hypoxia induced
by degradable starch microspheres. FORSBERG et
coll. (1979) also demonstrated this protective effect
against the development of late fibrosis in the gut
wall. These experiments clearly show the pos-
sibilities of the hypoxic method for radiation protec-
tion already discussed by FORSBERG (1978 a).

In clinical radiation therapy the intestine and kid-
ney are examples of comparatively highly sensitive
tissues. Radiation injury to these organs with sub-
sequent intestinal ulcerations, necrosis and stenosis,
or renal functional disturbances and hypertension
may make it impossible to deliver a sufficient dose
to intra-abdominal or retroperitoneal tumours.

The possible clinical use of hypoxia induced by
injected degradable starch microspheres for protec-
tion of normal tissues unavoidably exposed to ioniz-
ing radiation awaits simple, reliable methods to
monitor the induced ischaemia. It is not possible to
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use blood flowmeters or oxygen tension meters or
directly observe the organ colour at repeated treat-
ment sessions in patients.

The present investigation was intended to assess
in the cat (I) the value of a scintigraphic procedure
to monitor the degree and duration of intestinal
blood flow obstruction induced by the injection of
!)!Tcm-labelled degradable starch microspheres into
the superior mesenteric artery. (2) the intestinal is-
chaemia induced by the starch sphere injection, and
(3) the intestinal and hepatic degradation of the
starch microspheres.

Materials and Methods

Animal preparation. Seven adult male or female
cats weighing 3.0 to 5.1 kg were used. The animals
were fed on water only during 12 hours before
an experiment. The cats were anaesthetized with
sodium pentobarbital (40 mg/kg) and kept under
light endotracheal anaesthesia after tracheostomy.
A cannula (OD 1.02 mm) was inserted into the in-
ferior vena cava through a femoral vein. A second
cannula was placed in the left ventricle of the heart
through the right carotid artery, and a third was
inserted into the abdominal aorta through the left
femoral artery and secured with its tip just above the
bifurcation. A midline laparotomy was performed,
and the main trunk of the superior mesenteric artery
was isolated and prepared for measurement of the
flow. After isolation and ligation of the distal end of
the small ileocaecal branch of the superior mesen-
teric artery, a plastic cannula (OD 0.63 mm) was
inserted and advanced 3 to 5 mm in the proximal
direction and fixed in this position with the cannula
tip pointing into the main trunk of the superior
mesenteric artery, for injection of degradable starch
microspheres. Care was taken to secure that the tip
of the cannula and the electromagnetic flow probe in
the proximal part of the superior mesenteric artery
were separated by at least 2 cm. The arterial blood
pressure and heart rate were recorded by means of a
Statham pressure transducer P23De connected to
a Hewlett-Packard 7758A Recorder. The animals
were placed on a heating pad and the rectal tempera-
ture maintained at 37 to 38°C.

Degradable starch microspheres (DSM) with
diameters of 37.6+5.9 fim suspended in 0.9% saline
to a concentration of 13.2xlO(i spheres/ml (gener-
ously supplied by Pharmacia AB, Uppsala, Sweden)
were used to produce mesenteric arteriolar occlu-

sion. Before each experiment, about 5X105 spheres
were labelled with "TcraO4 (DJURSATER 1979) to a
specific activity ranging from 1.5 to 16.3x 107 Bq and
mixed with unlabelled spheres in a Whirlmixer.
When the microspheres were sedimented by cen-
trifugation, less than 10 per cent of "Tcm label re-
mained in the supernatant. The labelled DSM were
then resuspended in saline before use. Each animal
recieved a dose of 27x 10(: DSM in a volume of 3.0
ml. The injection time ranged from 75 to 105 sec-
onds.

Carbonized microspheres (CMS; 3 M Compa-
ny, St Paul, Minnesota, USA), 14.8±1.3 ju,m in
diameter and labelled with 4tiSc, 51Cr, *'Sr, or m C e .
were used to measure blood flow per g of tissue. The
microspheres were suspended in 10% dextran with
addition of Tween-80 to prevent aggregation. The
suspension was sonificated and mixed thoroughly in
a Whirlmixer immediately before the injection. The
suspensions contained approximately 1.2x 10" CMS
per ml and were injected into the left ventricle of the
heart in a dose of 0.2 ml/kg body weight.

Tissue blood flow was determined by intracardiac
injection of CMS and simultaneous withdrawal of a
reference blood sample from the aorta at a constant
rate as described by HEYMANN et coll. (1977). The
net activity of the blood and tissue samples were
determined, and the blood flow was calculated from
the following formula:

QT=QRx
cpm T
cpm R

where QT=blood flow in tissue sample, QR=blood
flow in aortic reference sample, cpm T=counts/
min/g tissue, cpm R=counts/min in reference blood
sample.

Cardiac output was also determined by the mi-
crosphere technique according to the following for-
mula:

cpm R

where QR=b!ood flow in aortic cannula during
withdrawal (1.03 ml/min), cpm I=counts/min of
total amount of injected microspheres, and cpm
R=counts/min in reference blood sample. Tissue
and blood samples were analysed in a multichannel
gamma detector (ICN Instruments SC 722, Oakland,
California, USA).

Intestinal tissue samples were taken at 9 levels
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Blood flow

100

lig. I. Klectromagnetically measured blood flow (ml/mini in the
superior mesenleric artery before and following injection of
27x|0" !raTcn'-labelled DSM into the artery. The symbol O de-
notes carbonized mierosphere tissue flow determinations.

Table 1

Hlecin>mttf>iu'tically measured blood flow (ml I mi in in the supe-
rior mesenleric artery following DSM injection

Cat No.

1
-)

3

4
5

6
7

Mean + SEM

DSM injection

Before

105
65

110
58
82
45
87

79 + 9

3 min after

->

0
3.5

22.5
28
12
5

10 + 4

26 min after

140
47.5
38
70

112
34

125

Kl + 17

from 10 to 90 cm from the ligamentum of Treitz. In
each sample the 'mucosa' was separated from the
'muscularis* by simple stripping, and the two layers
were analysed separately. Microscopic examination
showed that the mucosa samples were composed of
the following layers: mucosa, muscularis mucosae,
and submucosa. An occasional sample contained
small strips of smooth musculature. The muscularis
samples contained only smooth musculature and the
serosal lining.

Serum amylase was determined by standard
methods (ZINTERHOFER et coll. 1973) and expressed
in arbitrary units (normal range in man: 40-140
units).

'mTcmimaging. Activity emitting from the ab-
dominal area was recorded by a Pho/Gamma camera
(Nuclear-Chicago, Illinois, USA) connected to a
PDP 8/e Nukab computer (Digital Equipment Cor-
poration, Maynard, Massachusetts, USA). The in-
testinal and hepatic areas were identified by means

of a radioactive marker. By computer integration,
the accumulated number of counts over each area
was determined at 3-min intervals for at least 27
min following the injection of BHTcm-labelled DSM
into the superior mesenteric artery. During prelimi-
nary experiments, it was confirmed that the CMS
used for tissue flow determinations contributed by
less than one per cent to total abdominal activity
recorded by the gamma camera. The !l!Tcm isotope
in blood and tissue samples was permitted to decay
for at least 7 days, or 28 half-lives, and the samples
were then counted for CMS activity.

Arterial Mood flow in the superior mesenteric ar-
tery was recorded by a flow probe with a diameter of
2.6 mm positioned over the artery and connected to
a square wave electromagnetic flowmeter (Carolina
Medica Electronics. 501. King. North Carolina,
USA).

Experimental procedure. After instrumentation,
each animal was placed with the center of the abdo-
men upwards facing the center of the counting head
of the gamma camera. The animal was not moved
during the subsequent experiment. The first CMS
injection was performed. The electromagnetic probe
on the superior mesenteric artery recorded blood
flow continuously. At time zero, the !MITcm-labelled
DSM were injected into the superior mesenteric ar-
tery through the cannula placed in its ileocaecal
branch. The flow was recorded at one-min intervals.
From 2 to 4.5 min following the injection of DSM, a
second CMS tissue flow determination was carried
out in each animal. After 14.5 to 40 min, when the
mesenteric flow was restored to a stable plateau as
evaluated from the individual electromagnetic flow
recordings over the superior mesenteric artery, a
third tissue flow determination was performed. The
animal was then killed by intracardial injection of
potassium chloride. The liver, pancreas, spleen, and
both kidneys were removed and immediately
counted for total activity by the gamma camera.

Statistics. Each cat served as its own control.
Student's two-tailed t-test for paired data was used
to calculate statistical probability. A common test
for linear regression was also used for evaluation of
the results. A p-value less than 0.05 was considered
statistically significant.

Results

Changes in arterial flow. The changes in arterial
blood flow in the superior mesenteric a.tery in the
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Fig. 2. Observations obtained in cat No. 5. a) Relative activity
lin per cent) recorded over intestinal and hepatic areas 3 to
120 min following injection of !WTcm-labelled DSM into the
superior mesenteric artery. Activity count over the intestinal area

0 to 3 min after DSM injection =100% by definition, b) Semi-
logarithmic plot of the data presented in Fig. 4 (IOO9f=l.O).
c) Electromagnetically recorded blood flow (ml/min) in the
superior mesenteric artery.

seven experimental animals appear in Fig. I. Each
animal was observed until the mesenteric blood
flow reached pre-injection control levels or was
stabilized. The mesenteric flow decreased to a
minimum level 1 to 4 min following DSM injection
and gradually recovered thereafter. Control flow
value was completely recovered 26 min after the
DSM injection in 6 cats, with 3 animals having reac-
tive hyperaemia. In one cat (No. 3, Table 1) com-
plete recovery did not occur, although flow in-
creased markedly from the minimum level. One
animal (No. 5) was observed for two hours and had a
moderate reactive hyperaemia followed by a gradual
decline towards control flow level, which was
reached after 75 min (Fig. 2c). Although the varia-
tion between the individual cats was considerable,
immediate and marked initial flow reduction after
the DSM injection followed by flow restoration was
consistently reproducible.

Changes in tissue flow. Intestinal CMS tissue flow
was repeatedly determined at 9 consecutive levels in
samples taken separately from the mucosa and the
muscularis (Fig. 3). Immediately before DSM injec-
tion, a control CMS tissue flow determination was
obtained; 2 to 4.5 min after the DSM administration
the minimum flow level was determined. A recovery
CMS tissue flow determination was performed when

the electromagnetic blood flow had reached either
pre-DSM-injection levels or a stable plateau phase.
Due to individual variations in restoration of mesen-
teric arterial flow, the time for the third determina-
tion ranged from 14.5 to 40 min after the DSM injec-
tion (Fig. 1). The determination of the tissue flow
demonstrated a highly significant reduction of the
mucosal flow immediately following injection of
DSM. In 2 of the cats the reduction in tissue flow in
the distal ileum was much less than that observed in
the proximal region.

A trend towards slightly reduced mucosal recov-
ery flow in the jejunum and part of the ileum was
evident when compared with pre-DSM-injection
control values. However, at no intestinal level did
the difference reach statistical significance (p>0.05).
In contrast, tissue flow determinations in the mus-
cularis regularly showed reactive hyperaemia, al-
though the difference between control and recovery
flow values only reached statistical significance at
levels 10, 60, and 70 cm aboral to the ligamentum of
Treitz (Fig. 3).

CMS tissue flow values in the liver, pancreas or
spleen were not significantly altered by the DSM
injection, and cardiac output remained unchanged
(Table 2). However, renal tissue flow was signifi-
cantly reduced. Thus, although intra-arterial injec-
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Fig. 3. Tissue How (carbonized microsphere distribution) in small
intestinal mucosa (upper graph) and muscularis (lower graph)
before |B>. 2 to 4.5 (• ) . and 14.5 to 40 min (•) following
injection of DSM into the superior mesenteric artery. Mean and

SEM of 7 observations obtained at different distances aborally
from the ligamentum of Treitz (in cm) are given. *=statistically
significant difference (p<0.05) between control and recovery
values.

tion of DSM profoundly altered intestinal blood
flow, the systemic circulation was not compromised
except for a transient effect on the renal blood flow.

The CMS tissue flow method and the electro-
magnetic method measure blood flow at separate
levels in the arterial circulation. For each experi-
mental animal, three pairs of simultaneous CMS tis-
sue flow determinations and arterial probe flow
readings were obtained, demonstrating a positive
correlation between the two methods (Fig. 4).

Degradation and distribution of starch micro-
spheres. Emission from the hepatic and intestinal
areas following il!lTcm-labelled DSM injection was
continuously recorded. Since the tracer must pass
the mesenteric vascular bed to reach the liver, intes-
tinal activity during the time interval 0 to 3 min
following DSM injection was defined as 100 per cent
and accordingly the relative activity remaining in the

intestinal area and the activity accumulating in the
liver was calculated. It is recognized, however, that
a minute fraction of !l!Tcm indicator escaped from
the intestinal to the hepatic area during the first
3-min interval, making the defined 100 per cent
slightly less than the amount of tracer actually in-
jected into the superior mesenteric artery.

During the first 27 min following !WTcm-labelled
DSM injection, intestinal relative activity decreased
while hepatic activity increased (Fig. 2 a) in all ani-
mals. The individual semilogarithmic plots of intes-
tinal relative activity transfer demonstrated initial
exponential rem /al of 9!)Tcm and hence of DSM
(Figs 2 b, 5), while the liver showed rapid initial up-
take of ̂ 'Tc"1 with a prolonged excretory phase (Fig.
2 b). At the end of the experiment, the liver had ac-
cumulated approximately 80 per cent of the total
activity present in the liver, spleen, pancreas and

Table 2

Tissue flow (mllminln) and cardiac output (mllmin) (carbonized microspherc distribution) determined
before (control}. 2 to 4.5 min and 14.5 to 40 min after injection of mTc'"-labelled liSM into the superior
mesenteric artery. Mean ±SEM of 7 animals. Asterisk denotes a significant difference (p<0.05) from

control values

DSM injection Liver Kidneys Spleen Pancreas Cardiac
output

Before
2 to 4.5 min after
14.5 to 40 min after

1.2910.29
1.I3±O.48
1.26±0.26

1.9910.28
1.20±0.21*
2.1410.18

2.6710.52
2.6610.48
2.33+0.39

0.65+0.11
0.56+0.15
0.9910.43

446+61
478155
408160
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Fig. 4. Relationship between small intestine mucosal blood flow
(ml/min/g) CMD and electromagnetically measured blood flow
(ml/mini in the superior mesenteric artery. Determinations per-
formed 3 times in each of 7 animals. Mucosal flow values repre-
sent means of observations made at 9 levels of the small in-
testine.

Table 3
Relative -'''Tc"' activity (per cent) in
isolatet/ abdominal organs counted
by gtwuna camera after killing the
animal. The sum of activity in the
liver, pancreas, spleen ami both
kiclnevs defined as 10t> per cent.

Mean ± SEM for 6 animals

Relative
activity

Liver
Pancreas
Spleen
Kidnevs

80 ±5
7±1
2±0

11+4

1 0

0 7

0 5

0 2

0 1
10 20 30

Mm

Fig. S. Semilogarithmic plots. Decline of relative activity over the
intestinal area following injection of !l!lTc"'-labelled DSM into the
superior mesenteric artery. Log activity counted over the intesti-
nal area for 0 to 3 min after DSM injection= 1.0. The starting
points for each curve on the ordinate scale are separated by a
fixed interval for separation of the curves. Values on the ordinate
scale are valid for cat No. 1.

Relative flow
Relative activity

100

5 0

10 2 0 30
Mm

Fig. 6. Relative activity (per cent) recorded over intestinal area
(—• —) and relative blood flow (per cent) in the superior mesen-
teric artery (—•—) following injection of 9!fTcm-labelled DSM
into the artery. Activity counted over intestinal area 0 to 3 min
following, and arterial flow preceding DSM injection is defined =
100%, respectively. Mean and SEM of 7 animals.

kidneys (Table 3). The gamma camera images taken
3, 18, and 111 min following the injection of 9!>Tcm-
labelled DSM showed no abdominal hot spot outside
the intestinal or hepatic areas (Fig. 7). One cat was
observed for 120 min following the DSM injection
and showed a late increase in intestinal activity with
a concomitant decrease in hepatic activity, indicat-
ing recirculation of tracer (Fig. 2 a, b).

As relative activity recorded over the intestinal
area decreased, relative arterial flow (per cent of
pre-DSM-injection control value) in the superior
mesenteric artery increased after a plateau of
minimum flow lasting for 4 to 6 min (Fig. 6).

Serum amylase activity (mean 1 450, range 1030-
2 100 arbitrary units) was not influenced by animal
preparation or DSM administration. Thus, anaes-
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Fig. 7. Gamma camera images 3. 18 and 111 min following in-
jection of "!'Te'"-labe]|ed I3.SM into (he superior mesenterie ar-

lcr>. demonstrating tracer transfer from the intestinal to the he-
patic area (cat No. 51.

thetized cats possess 7 to 15 times higher amylase
activity than do resting humans when the amylase
activity is determined by the nephelometric method
of ZlNTERHOFER et coll.

Discussion

Temporary block of mesenteric blood flow in
animals or man may be achieved by laparotomy and
direct clamping of the superior mesenteric artery, or
by catheterization procedures using intra-arterial in-
flatable balloons. The extensive collateral circula-
tion made possible by the arcading mesenteric ar-
teries will be expected to shorten the length of small
intestine rendered ischaemic by these methods. A
theoretical advantage of degradable starch micro-
spheres is that they will be carried by the blood
stream through the arteries and finally embolize
medium-size arterioles (ARFORS et coll., FORSBERG

1978 b), thus minimizing blood flow through collat-
eral vessels.

In the present experiments, selective DSM injec-
tion into the superior mesenteric artery immediately
and markedly reduced blood flow in the main arteri-
al trunk and in the intestinal mucosa and muscularis.
In all but 2 animals blood flow was blocked along the
entire small intestine from the duodenum to the
caecum. When blood flow in the superior mesenteric
artery is arrested, mucosal oxygen is depleted in
about 4 min in pigs (ARFORS et coll.). and extensive
mucosal injury develops in 1 to 2 hours in animal

models (ROBINSON & MIRKOVITCH 1972. RUKE et
coll. 1976). progressing to mesenterial infarction if
ischaemia persists. However, mesenteric arterial
flow and blood flow in the intestinal mucosa and
muscularis were restored at all levels of the small
intestine after 26 min in the present experiments.
Although one cat (No. 3) showed a 70 per cent
reduction in arterial flow, absolute recovery flow
was sufficiently high to make intestinal ischaemic
damage unlikely.

Intestinal muscle spasm induced by ischaemia
(MARSTON 1963. ARFORS et coll.) would increase
post-ischaemic intestinal oxygen demand and could
explain the reactive hyperaemia consistently found
in the muscle layer.

Elimination of DSM from intestinal vessels de-
pends on the separate processes of sphere degrada-
tion and wash-out of polysaccharide fragments by
the blood stream (ARFORS et coll.. FORSBERG

1978 b). The degradation rate is reflected in the ex-
ponential elimination of DSM-linked !'»Tc"' from the
mesenteric vessels, with an observed mean half-time
of 17 min. Individual results (e.g. cat No. 7) indicate
that rapid elimination of DSM-linked imTcm from the
intestinal vessels (Fig. 5) may be associated with
early recovery of regional flow (Fig. 1, Table 1).

For any degree of DSM-induced arteriolar block,
DSM-linked tracer will always be retained in the
mesenteric vessels until microsphere degradation
permits passage through the capillaries. Blood flow
can be measured by isotopic clearance methods if
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the isotope is freely diffusible and does not itself
influence regional flow (ZIERLER 1965). Neither
condition applies to DSM-Jinked !i:)Tcm clearance
from the mesenteric vessels, thus exact calculation
of intestinal blood flow from gamma-camera counts
is not possible. However, provided a total or near-
total arteriolar obstruction is induced, the rate of
initial intestinal elimination may permit an estimate
of the duration of the resulting intestinal ischaemia
(Fig. 6). Early elimination of DSM-linked 11!Tcm was
associated with recovery of intestinal blood flow.

After reaching the liver. !l!'Tc"'-labelIed mono-, di-
or poly-saccharides or starch fragments may be re-
tained in hepatic glycogen stores or phagocytosed
by Kupffer cells in the liver sinusoids, thus account-
ing for the observed rapid hepatic accumulation and
excretion of activity (Fig. 2b). A continuous H!'Tcm

leakage into and redistribution by the systemic cir-
culation would also be expected. The early, marked
deflection of hepatic activity from the straight line in
the semilogarithmic plot (Fig. 2b) and the increase
in background activity illustrated in Fig. 6, confirm
that such isotope leakage did occur. The leakage of
!i«jcni j n t o (he systemic circulation together with
possible biliary isotope excretion would also explain
the observed simultaneous hepatic decrease and in-
testinal increase of activity after 120 min.

The present experiments differ from those pre-
viously reported concerning temporary regional
ischaemia induced by DSM (ARFORS et coll..
FORSBERG 1978 b, FORSBERG et coll. 1978a, TORS-
BERG & JUNG 1978. FORSBERG et coll. 1978 b,
FORSBERG et coll. 1979) in the following respects: a)
the detailed tissue flow determinations performed
separately in the intestinal mucosa and muscularis
along the length of the small intestine, b) the ex-
perimental design using the gamma camera to obtain
information about intestinal and hepatic degradation
of !IHTcm-labelled DSM, c) the choice of the cat as
animal model. The results confirm and extend those
of previous reports demonstrating that intra-arterial
DSM injection rapidly and consistently induces a
temporary circulatory block followed by full recov-
ery of regional blood flow. While the regional use of
vasoconstricting drugs to induce a similar degree of
ischaemia may adversely affect the systemic circula-
tion (FREEDMAN et coll. 1978), the injections of
DSM did not influence cardiac output.

The temporary minor decline in renal blood flow
following DSM injection was probably caused by
DSM spill-over from the superior mesenteric artery

into the aorta and subsequent DSM impaction in the
renal arterioles. Such spill-over into a blood vessel
other than the injected one may confer hypoxic
radiation protection to tumour-bearing tissue and
must be avoided.

A plateau of minimum arterial flow lasting for 4 to
6 min was achieved in all animals. Allowing a period
of about 4 min to deplete mucosal oxygen (ARFORS

et coll.). approximately 2 min are left for delivery of
abdominal irradiation while the small intestine still
holds hypoxic radiation protection. This is possible
with modern linear accelerators delivering 4 Gy/
min.

In man. DSM dosage adjustments to the amylase
activities met in human blood may be necessary to
achieve a temporary flow obstruction v.f the desired
duration. External detection of tracer activity in-
jected with the DSM may offer the clinician a semi-
quantitative, non-invasive assessment of mesenteric
blood flow, and enable a selection of the appropriate
time for radiation therapy.

SUMMARY

Temporary ischaemia was induced in cat small intestine
by degradable starch microspheres. Regional arterial and
tissue blood flow immediately fell by 85 per cent with
subsequent normalization within 26 min after microsphere
injection. Degraded !"'Tcm-labelled microspheres were
exponentially removed from intestinal vessels and ac-
cumulated in the liver. Provided near-total arteriolar
obstruction is induced, external isotope detection may
permit assessment of the duration of the induced is-
chaemia. which implies a selection of the appropriate time
for radiation therapy.
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TEMPORARY ISCHAEMIA INDUCED BY DEGRADABLE

STARCH MICROSPHERES

Possible thrombogenic effects in vivo and in vitro

KNUT LOTE

Animal cells and organs exposed to ionizing pho-
tons or electrons tolerate otherwise destructive
doses of radiation during severe hypoxia (GRAY et
coll. 1953, GRAY 1961). Radiation injury to the small
intestine during abdominal irradiation is a dose-
limiting factor in clinical radiation therapy. By in-
ducing temporary small intestinal ischaemia or
hypoxia, it is possible to protect the small intestine
against radiation injury (HOLT 1975, PENN et coll.
1975, FORSBERGet coll. 1978). The induced ischae-
mia must be rapidly and reliably reversible to avoid
permanent injury to the small intestine.

Degradable starch microspheres (DSM) injected
into the superior mesenteric artery embolize to in-
testinal arterioles and induce temporary intestinal
ischaemia (ARFORS et coll. 1976, FORSBERG et coll.
1978, 1979. LOTE et coll. 1980). and can protect the
small intestine against radiation injury (FORSBERG

et coll. 1978, 1979). The possibility of inducing
endothelial injury in mesenteric arterioles followed
by thrombosis and subsequent infarction has been a
major concern with regard to clinical application of
starch microspheres. Platelets adhere to foreign
intravascular surfaces (FORBES & PRENTICE 1978),
and adhesion of platelets to injured endothelium fol-
lowed by aggregation to form a platelet plug is an
important initial step in arterial or arteriolar throm-
bosis (WEISS 1975).

Therefore, platelet adhesiveness to starch was
assessed by determination of platelet retention in
starch microsphere columns. Also, platelets exposed
to starch microspheres were monitored to detect

possible DSM-induced platelet aggregation. The
possibility of thrombosis induced by local endothe-
lial injury in intestinal arterioles and capillaries fol-
lowing intraarterial mesenteric DSM administration
was evaluated by determination of platelet, fibrino-
gen, and Factor VIII consumption in feline small
intestinal vessels in vivo. Superior mesenteric
arterial blood flow was continuously monitored to
control intestinal ischaemia.

Materials and Methods

In vitro experiments

Blood and plasma preparation. Human blood was
collected from 10 healthy donors after fasting over-
night. They had taken no drugs for at least 10 days
before venipuncture. After the first 3 to 5 ml had
been discarded, 9 volume units of blood from the
antecubital vein was allowed to flow into 1 volume
unit of 0.11 mol sodium citrate in polystyrene tubes.
The tubes were capped with Parafilm and inverted
twice to mix. Platelet rich (PRP) and platelet poor
(PPP) plasma was prepared by differential centrifu-
gation at room temperature for 320 g/10 min and
2 000g/15 min, respectively, and used within 2 hours.

Degradable starch microspheres were 40 /Ltm in
diameter and suspended in isotonic saline to a con-
centration of 2.6x 107 spheres/ml. Dry starch micro-
spheres had a diameter of 121 //.m.
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Platelet aggregation was measured by the method
of BORN (1962) using a dual channel Payton aggrego-
meter (Payton Ass. Ltd.. Scarborough, Ontario,
Canada). The transmittance of PRP and PPP was
adjusted to 0 and 100 per cent, respectively. A vol-
ume of 50 /x\ microsphere suspension was added to
400 fx\ PRP or PPP in aggregometer cuvettes and
stirred at 900 rpm/37°C. After preincubation for 3 or
10 min in the aggregometer. 50 /xl thrombin solu-
tion (Topostasine Roche, final concentration 0.25
U/ml) or 501±\ collagen suspension (Bovine Achilles
tendon. Sigma C-9879, St. Louis. USA., final con-
centration 3.3 mg/ml) was added and platelet ag-
gregation recorded for 4 min. The final concentra-
tion of starch microspheres was 2.6x 10" spheres/ml.
The aggregation response of PRP + microsphere
suspension was compared with PRP + saline
(control).

Testing of platelet-starch adhesiveness was per-
formed by determination of platelet retention in
starch columns compared with platelet retention in
identical columns packed with Sepharose 2B (Phar-
macia AB, Uppsala, Sweden). The dry starch micro-
spheres (121 /u,m) were allowed to swell in isotonic
saline. The sludge was then packed in small plastic
columns (5 mmx90 mm. bed volume 0.25 ml) and
allowed to settle. Duplicate columns were packed
with Sepharose 2 B gel; 20 to 30 bed volumes saline
were passed through the columns, followed by 0.75
ml PPP, and immediately thereafter by 0.75 ml PRP.
Six fractions of 0.1 ml eluate were collected. The
platelet count in PRP before and in fractions 2 to 6
following filtration through the starch or Sepharose
columns was determined. Platelet retention in the
columns was expressed as percentage of platelet
count in PRP before column exposure. Hydrostatic
pressure on the columns never exceeded 8 cm H2O
(0.783 kPa). Each column was used only once.

Platelet counting. A Coulter counter (Coulter
Electronics Ltd., Harpenden, England) was used for
determinations of platelet number in human plasma,
and also in feline whole blood following isopyenic
sedimentation of red cells (TALSTAD 1981). Control
sedimentation of DSM suspension and microscopic
examination of the supernatant showed that starch
microspheres sedimented with the red cells.

Factor VIII levels were determined in a one-step
procedure using hemophilia plasma with Factor VIII
level less than one per cent of normal and a modified
Cephotest method (REFSUM et coll. 19/8). Pooled
cat plasma was used as reference.

Fig. 1. Collagen-induced aggregation of human platelet rich
plasma (PRP) incubated with degradable starch microspheres
(DSM) compared with saline control. Paper speed 0.5 cm/min.

Fibrinogen determinations were performed as de-
scribed by JACOBSSON (1955).

Amylase activities in feline plasma were deter-
mined as described by ZINTERHOFER et coll. (1973).

In vivo experiments

Animal preparation. Eight adult male cats weigh-
ing 3.5 to 6 kg were used after fasting overnight.
The cats were anaesthetized with sodium pentobar-
bital (40 mg/kg). A plastic cannula was inserted into
the abdominal aorta through the femoral artery and
kept open by a continuous infusion of isotonic saline
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Fig. 2. Retention of human platelets (in per cent) in columns
packed with Sepharose 2 B (•) or 121 /xm starch microspheres
( x ). Mean and SEM of 10 experiments.

delivered by an infusion pump (Harvard Syringe
Pump No. 2681, Millis, Ma., USA). None of the
animals received anticoagulants. A midline laparo-
tomy was performed. After splenectomy, a plastic
cannula was inserted into the portal vein through
the splenic vein. A slow saline infusion kept the
intraportal cannula open. The main trunk of the
superior mesenteric artery was isolated and an elec-
tromagnetic probe was positioned over the artery.
After isolation and ligation of the distal end of the
right colic branch of the superior mesenteric artery,
a plastic cannula (diameter 0.63 mm) was inserted
and advanced 3 to 5 mm in proximal direction and
secured in this position with the cannula tip point-
ing into the main trunk of the superior mesenteric
artery. This intraarterial cannula was used for injec-
tion of microspheres. Care was taken to secure that
the cannula tip and the electromagnetic probe on the
proximal part of the superior mesenteric artery were
separated by at least 2 cm.

Arterial blood flow in the superior mesenteric
artery was recorded by means of a flow probe (dia-
meter 2.6 mm) positioned over the artery and con-
nected to a square wave electromagnetic flowmeter
(Carolina Medical Electronics, 501, King, North
Carolina, USA). Zero flow was determined by brief
occlusions of the vessel distal to the probe.

Cat blood sampling. Arterial blood was drawn
from the abdominal aorta before administration of
the microsphercs. Portal and aortic blood samples
were collected 13 to 15, 18 to 20, and 45 to 47 min
after initial administration. The first 1.5 to 2 ml blood

drawn from the indwelling portal and aortic catheters
were discarded. Nine volume units of blood were
then gently drawn into one volume unit sodium
citrate (0.11 mol/l) in 2 ml plastic syringes, trans-
ferred to polystyrene tubes, and kept on melting ice.
Aliquots were taken for platelet counting. After cen-
trifugation at 2000 g/4°C/30 min. plasma was im-
mediately frozen at -80°C for later determination of
amylase activity, fibrinogen. and Factor VIU levels.

Experimental procedure. Following surgery the
animal was allowed 30 to 45 min to attain a steady
haemodynamic state. At time zero, the microsphere
suspension was injected into the superior mesenteric
artery through the indwelling intraarterial catheter at
a rate of 2.0 ml/min until superior mesenteric elec-
tromagnetic arterial flow stabilized at a minimum
level, usually in the range of 0 to 10 ml/min. Further
DSM suspension was administered as required to
keep blood flow at this minimum level for 10 min.
The injection was then stopped, and the flow in the
superior mesenteric artery permitted to recover
spontaneously. Blood samples were collected be-
fore, 13 to 15, 18 to 20, and 45 to 47 min following
the initial administration of microspheres.

Statistics. Student's two-tailed t-test applied to
paired data was used to calculate statistical prob-
ability. A p-value less than 0.05 was regarded as
statistically significant.

Results

Platelet aggregation. Mean platelet number in
PRP obtained from 10 donors was 354 x 10*71 (range
279-430xl09/l). Human platelets incubated with
microsphere suspension to a final concentration of
2.6x 10" spheres/ml were neither aggregated nor
showed alterations in their aggregation response to
collagen or thrombin in final concentrations of 3.3
mg/ml or 0.25 U/ml, respectively, when compared
with saline control. A representative tracing with
collagen as aggregating agent is shown in Fig. 1.
The base-line for PRP with microsphere suspension
added is slanting upwards, indicating continuous
enzymatic degradation of the starch microspheres
exposed to human plasma amylase.

Platelet-starch adhesiveness. When human pla-
telets in platelet rich plasma were filtered through
degradable starch microsphere columns, retention
of platelets in the columns was minimal and not dif-
ferent from platelet retention in control Sepharose
2 B columns (Fig. 2). Thus, when human platelets
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Fig. 3. Blood flow in the superior mesenteric artery (ml/min) of
8 cats before, during, and following administration of degradable

m i n

starch microspheres into the superior mesenteric artery at time
zero (-»).

are exposed to starch microspheres in a plasma en-
vironment, platelet adhesion to starch surfaces does
not exceed platelet adhesion to inert dextran sur-
faces of Sepharose beads.

Superior mesenteric arterial blood flow. The
ability of microspheres to induce temporary con-
trolled intestinal ischaemia appears in Fig. 3. Blood
flow in the superior mesenteric artery was markedly
reduced within one min after injection of 1 to 2 ml
microsphere suspension, and could be kept at this
minimum level for 10 min by additional injections
of 1.6 to 5.0 ml suspension. Total volume of suspen-
sion administered to each animal varied from 2.6 to
7.0 ml, containing 6.8 to 18.3X1O7 microspheres.
Blood flow in the superior mesenteric artery con-
sistently recovered, and all but two animals showed
post-ischaemic reactive hyperaemia. Arterial blood
flow stabilized within 30 to 40 min from initial ad-
ministration, although slight hyperaemia persisted in
most animals at 45 min (Fig. 3).

Platelet, fibrinogen, and Factor VIII levels. Mean

platelet number in aortic blood samples obtained in
the 8 cats was 207 x 1071 at time zero and 182x 1071
at 45 min (p>0.10). Mean platelet number in portal
blood samples was 205 x 1071 at 15 min and 197x 1071
at 45 min (p>0.10). Mean aortic fibrinogen level was
2.1 g/1 and did not change during the experiment.
Mean haematocrit value was 35 per cent before start
and 32 per cent at 45 min (p>0.10).

In order to detect possible intravascular coagula-
tion with consumption of platelets, fibrinogen, and
Factor VIII in small intestinal vessels during or fol-
lowing the transient ischaemic period, portal platelet
and fibrinogen and Factor VIII levels in each ani-
mal was expressed as percentage of concurrent aor-
tic levels and termed 'residual percentage': (level in
portal blood/level in aortic blood) xlOO. Thus, the
residual percentage value gives the relative amounts
of platelets, fibrinogen, and Factor VIII not con-
sumed or retained during passage through the small
intestinal circulation (Fig. 4). No significant con-
sumption of platelets, fibrinogen, or Factor VIII
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Fig. 4. Relative levels of blood platelets (P), fibrinogen (F I), and
Factor VIII in portal blood obtained in Scats following administra-
tion of degradable starch microspheres into the superior mesen-
teric artery. Concurrent aortic level=100 per cent. Mean and
SEM. n=8 except at 45 min where n=7.

was observed following temporary microsphere-
induced small intestinal ischaemia. In one animal,
aortic blood sampling at 45 min was not possible
due to catheter thrombosis. All portal cannulas re-
mained open during the experiment.

A my lase activity in cat plasma ranged from 525 to
1 100 with mean value 800 arbitrary units. Normal
range in humans by this method of analysis is 40 to
140 units.

Discussion

Artificial intravascular surfaces can be expected
to initiate platelet adhesion and aggregation followed
by thrombus formation (FORBES & PRENTICE). Cir-
culating particulate matter or extensive areas of
vascular injury may also initiate disseminated intra-
vascular coagulation (WHITE & HEPTINSTALL 1978)
characterized by consumption of circulating blood
platelets, fibrinogen and coagulation factors V and
VIII (SLAASTAD & JEREMIC 1973, LERNER 1976,
WHITE & HEPTINSTALL). In the present experiments
no local or systemic consumption of platelets, fi-
brinogen, or Factor VIII was observed following the
temporary small intestinal ischaemia induced by
starch microspheres. Thus, significant arteriolar or
capillary thrombus formation subsequent to endo-
thelial injury caused by starch microspheres im-
pacted in mesenteric vessels was unlikely to have
occurred.

Following temporary ischaemia, arteriolar vessels
dilate. The presence of reactive hyperaemia provides
evidence that previously ischaemic vessels remain

vital, respond to physiologic stimuli, and are not
plugged by intravascular clots. In the present ex-
periments 6 of 8 animals showed reactive hyper-
aemia, and all attained regional blood flow com-
patible with full recovery of small intestinal integrity
and function.

Agents which strongly activate platelets cause
aggregation in platelet rich plasma (WEISS). Subtle
activation may not cause overt aggregation, but
the platelets are rendered unresponsive to further
stimulation by aggregating agents (EIKA 1972). The
demonstration that platelets exposed to starch
microspheres were neither aggregated by such ex-
posure nor were unresponsive to aggregation by
collagen and thrombin indicate that human platelets
were not activated by exposure to degradable starch
microspheres suspended in plasma.

Platelets eluted from Sepharose columns maintain
their discoid shape, aggregate and release normally
(LAGES et coll. 1975, LINDON et coll. 1976), and
platelet retention by adhesion to Sepharose beads in
such columns is negligible (LlNDON et coll. 1976,
1978). Thus, Sepharose beads minimally activate
platelets. The demonstration that platelet retention
in starch columns does not differ from platelet reten-
tion in Sepharose 2 B columns indicates that starch
microsphere surfaces cause no more adhesion or
activation of human platelets than inert dextran sur-
faces of Sepharose particles.

The present results indicate that starch micro-
spheres do not activate human platelets in vitro.
Further, it is demonstrated that it is possible to in-
duce and maintain small intestinal ischaemia in the
cat for at least 10 min by intraarterial administration
of microspheres without inducing thrombosis in
small intestinal vessels. Controlled intestinal ischae-
mia could be achieved in the absence of anticoa-
gulants. Intraarterial heparin administration together
with starch microspheres should further widen the
safety margin against thrombotic complications.

Administration of degradable starch microspheres
into the superior mesenteric artery in order to induce
selective temporary small intestinal ischaemia for
hypoxic radiation protection in patients with malig-
nant diseases subjected to abdominal irradiation is
technically feasible by the use of percutaneous selec-
tive arterial catheterization. The present experi-
ments provide evidence that the risk of thrombotic
complications associated with this procedure seems
to be small in the cat, and may prove acceptable
in man.
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SUMMARY
Possible thrombogenic effects of degradable starch

microspheres were investigated. Controlled temporary
small intestinal ischaemia was induced by injection into
the superior mesenteric artery in cats. Arterial flow con-
sistently recovered after ischaemia. No consumption of
blood platelets, fibrinogen, or Factor VIII was observed.
Aggregation of human platelets was not influenced by
microsphere exposure, and platelet retention in starch
microsphere columns was minimal. No thrombosis was
detected in feline small intestinal vessels in vivo nor did
starch surfaces induce adhesion or aggregation of human
platelets in vitro. Thus, no evidence of thrombotic hazards
was found by inducing temporary intestinal ischaemia by
starch microspheres.
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Hypoxic Radioprotection by
Temporary Intestinal
Ischemia: Degradable Starch
Microsphere Embolization in the Cat

Knut Lote1 Temporary small intestinal ischemia was induced by mesenteric arteriolar emboli-
zation of degradable starch microspheres in cats. During ischemia, the small intestine
received a surface dose of 7 Gy 200 kV x-ray irradiation. One group of animals also had
received 7 Gy to the intact abdomen 72 hr earlier. The risk of thrombosis in small
intestinal vessels during or after starch microsphere-induced ischemia combined with
irradiation was evaluated by monitoring superior mesenteric arterial blood flow, by
determination of blood platelets, fibrinogen, and factor VIII consumed across the
mesenteric vascular bed, and by histologic examination of small intestinal vessels.
Vascular integrity was inferred from intact response to isoproterenol and vasopressin
after the combined trauma of ischemia and irradiation. No signs of thrombosis were
detected in small intestinal vessels after temporary ischemia and irradiation. Hypoxic
radioprotection of the small intestine in the cat can thus be achieved by mesenteric
arterial microembolization of degradable starch spheres without evidence of thrombotic
complications or significant vascular damage.
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The radiation dose that can safely be delivered to abdominal tumors is re-
stricted by the limited radiotolerance of the small intestine. The protective effect
of hypoxia against cellular injury induced by low linear energy transfer ionizing
radiation is well established [1, 2]. Mesenteric arteriolar embolization of rapidly
degradable 36-44 /im starch microspheres induce severe temporary ischemia
and hypoxia in pig [3], rat [4, 5], and cat [6] small intestine. The induced ischemia
can protect rat small intestine against acute [4] and delayed fibrotic [5] radiation
injury. Starch spheres have also been used for temporary interruption of arterial
hepatic blood flow in humans with secondary liver tumors [7, 8]. Hepatic arterial
flow recovered in about 30 min [8]. In animal experiments, the duration of the
induced intestinal ischemia was 10-20 min [3, 6].

The starch microspheres consist of cross-linked polysaccharide which is
degraded and ultimately dissolved by the action of endogenous plasma amylase.
The starch degradation rate and thus microsphere disintegration delay and blood
flow recovery after intraarterial sphere injection is governed by the degree of
polysaccharide cross-linking, microsphere size, and plasma amylase level [7].

Irradiation [9, 10], obstruction of blood flow [11], or foreign intravascular
surfaces [12] may separately or in concert initiate thrombosis. Thus, the presence
of obstructive intravascular starch particles together with possible endothelial
injury to mesenteric vessels caused by impacted starch spheres and irradiation
might induce mesenteric thrombosis characterized by mesenteric consumption
of blood platelets and coagulation factors [13-15], multiple thrombi in mesenteric
vessels, and severely compromised small intestinal blood flow.

The present study in the cat was designed to evaluate: (1) the risk of thrombosis
in small intestinal vessels exposed to the combined trauma of starch micro-
sphere-induced ischemia and irradiation during the ischemic phase; (2) the risk
of thrombosis in previously irradiated small intestine exposed to starch micro-
sphere-induced ischemia and repeated irradiation; and (3) the response of
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intestinal vessels to isoproterenol and vasopressin after
such exposure to ischemia and irradiation in order to deter-
mine whether vascular integrity had been affected.

Materials and Methods

Animal Preparation

Eighteen adult cats of either gender weighing 2.5-5.2 kg were
used after an overnight fast. A group of 10 animals was operated
on without preceding irradiation. Another group of eight animals
received 7 Gy (700 rad) delivered to the small intestinal area 72 hr
before surgery during a short alphaxalon (Alfatesin Glaxo. 12 mg/
kg intramuscularly) anesthesia. Before surgery, the cats were anes-
thetized with sodium pentobarbital (40 mg/kg). A plastic cannula
was inserted into the abdominal aorta through the femoral artery
and kept open by a continous saline infusion delivered by an
infusion pump (Harvard Syringe Pump 2681. Millis, MA). The ani-
mals did not receive anticoagulating agents. A midline laparotomy
was followed by splenectomy. A plastic cannula was inserted into
the portal vein through the splenic vein and kept open by a slow
saline infusion. An electromagnetic probe was positioned over the
main trunk of the superior mesenteric artery.

After isolation and ligation of the right colic branch of the superior
mesenteric artery, a plastic cannula (0.63 mm OD) was inserted,
advanced 3-5 mm in proximal direction, and secured in this position
with the cannula tip pointing into the main trunk of the superior
mesenteric artery. This cannula was used for injection of degradable
starch microspheres, and later for administration of isoproterenol
and vasopressin. Care was taken to secure that the cannula tip and
the electromagnetic probe on the proximal part of the artery were
separated by at least 2 cm.

Degradable Starch Microspheres

The starch spheres were produced and supplied by Pharmacia
AB, Uppsala, Sweden. Mean sphere diameter was 40 fim, and the
microspheres were suspended in isotonic saline (Pharmacia 40/
15, batch 70 635, 60 mg/ml) to a concentration of 2.6 x 107

spheres/ml. The microsphere suspension was injected into the
superior mesenteric artery through the indwelling catheter to induce
temporary small intestinal ischemia.

Abdominal Irradiation

Abdominal portals measuring 8 X 1 0 cm covered the small
intestinal area from the costal margins to the bladder. A Stabilipan
2 x-ray machine (Siemens AG, Erlangen, Western Germany) was
us&d to generate x-rays (200 kV, 1 mm Cu filter, dose-rate 1.0 Gy/
min, souice-skin distance 40 cm). The first group of 10 animals
received a surface dose of 7 Gy to the opened abdomen during
starch microsphere-induced temporary small intestinal ischemia.
The second group (eight animals) was exposed to a surface dose
of 7 Gy delivered to the intact abdomen. After 72 hr, the cats were
surgically prepared as described, small intestinal ischemia was
induced by starch microspheres, and each animal received a sec-
ond fraction of 7 Gy to the surface of the ischemic small intestine.

Arterial Blood Flow

Blood flow in the superior mesenteric artery was recorded by
means of a flow probe positioned over the artery and connected to
a square wave electromagnetic flowmeter (Carolina Medical Elec-

tronics. 501. King. NC). Zero flow was determined by brief occlu-
sions of the vessel distal to the probe.

Blood Sampling and Analyses

Arterial and portal blood samples were taken before, 13-15,18-
20. and 45-47 min after initial starch microsphere administration.
The first 2 ml of blood was discarded. Nine volume units of blood
were then genlly drawn into one unit of 0.11 M sodium citrate in 2
ml plastic syringes, transferred to polystyrene tubes, inverted twice
against Parafilm, and kept on melting ice. Aliquots were taken for
platelet counting.

After centrifugation for 30 min at 2,000 g and 4°C in a Sorvall
RC-5 centrifuge (Du Pont Instruments. Newtown, CT), plasma was
immediately frozen to — 80°C for later determinations of amylase
activity [16] and fibrinogen [17] and factor VIII concentrations.
Factor VIII was determined in a one-step procedure using hemo-
philia plasma with factor.VIII level less than 1% of normal and a
modified activated partial thromboplastin time (Cephotest, Nye-
gaard & Co., Oslo, Norway) method [18]. Platelet number in whole
feline blood was determined using Talstad's modification (I. Talstad,
unpublished data) of Mayne and Carville's method [19]. Control
centrifugation of starch microspheres in blood diluting solution and
microscopic examination of the supernatant showed that starch
spheres sedimented with red cells.

Isoproterenol and Vasopressin Administration

Isoproterenol (NAF-laboratories, Oslo, Norway) was diluted in 2
ml isotonic saline to a total dose of 0.25 mg/kg and was injected
into the superior mesenteric artery through the indwelling catheter.
The injection lasted for 60 sec. Electromagnetic blood flow in the
artery was recorded for 7-10 min until arterial flow regained control
levels.

Vasopressin (Pitressin, Parke-Davis) diluted in 2 ml saline to a
total dose of 0.02 lU/kg was then injected into the superior mes-
enteric artery. The injection lasted for 60 sec. Superior mesenteric
arterial flow was recorded for 15 min after vasopressin administra-
tion.

Experimental Procedure

At time zero, starch microsphere suspension was injected into
the superior mesenteric artery through the indwelling intraarterial
catheter at a rate of 2.0 ml/min until superior mesenteric arterial
flow stabilized at a minimum level, usually 0-10 ml/min. Further
microsphere suspension was administered as required to maintain
arterial flow at this minimum level, and was stopped after 10 min.
Superior mesenteric arterial flow was then permitted to recover
spontaneously. Irradiation of the ischemic small intestine was
started 3 min after initial starch microsphere administration and
continued for 7 min to a total surface dose of 7 Gy. Aortic and portal
blood samples were collected as described. Superior mesenteric
blood flow was recorded continuously.

One hour after starch microsphere embolization, isoproterenol
was injected into the superior mesenteric artery, and arterial flow
recorded for 7-10 min. After recovery of mesenteric arterial flow,
vasopressin was injected into the superior mesenteric artery and
arterial flow recorded for 15 min.

The animals were killed by intravenous injection of potassium
chloride 120-135 min after initial starch microsphere administra-
tion. In all animals in the second (preirradiated) group, tissue
samples were taken for microscopic examination at 10 cm intervals
along the entire small intestine, fixed in formaline, sectioned, and
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stained with hematoxylin and eosin. Duplicate sections were pre-
pared with periodic acid-Schiff (PAS) stain or Mallory's phospho-
tungstic acid hematoxylin stain for fibrin [20]. The microscopic
slides were examined for mucosal ischemic or irradiation damage,
starch microsphere remnants in small intestinal tissue, and for
evidence of thrombosis in small intestinal vessels.

- 300.
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O

Statistics

Student's two-tailed r-test applied to paired data was used to test
statistical probability. A value of p < 0.05 was regarded as statis-
tically significant.

Results

Superior Mesenteric Arterial Flow

Group 1. In all 10 cats in the first group, intraarterial
administration of starch microspheres immediately reduced
mesenteric arterial blood flow. .Mean flow was reduced from
109 ml/min to 7 ml/min within 1 min (p < 0.001, fig. 1).
This level of ischemia was maintained for 10 min by addi-
tional injections of starch microspheres given when indi-
cated by increasing flowmeter readings. Mean total amount
of starch microsphere suspension administered was 3.6 ml
(range, 1.7-5.2 ml). When starch sphere administration was
stopped, superior mesenteric arterial flow recovered spon-
taneously after intravascular degradation of embolized mi-
crospheres. Superior mesenteric arterial flow increased
from its minimum value to 135 ml/min at 25 min. Arterial
blood flow at this time was higher than preischemic control
level in six of 10 cats. Two animals showed a prolonged
ischemic phase. One cat with a control arterial flow of 82
ml/min only attained 49 ml/min after starch microsphere-
induced ischemia and concurrent irradiation, the group as
a whole recovered completely. At 45 min from initial starch
microsphere administration, mean superior mesenteric ar-
terial flow was 108 ml/min.

Group 2. Preirradiated animals showed a similar pattern
of superior mesenteric arterial flow reduction and recovery
in response to intraarterial mesenteric starch microsphere
administration (fig. 2). This group received 3.9 ml (range,
2.0-5.0 ml) of starch microsphere suspension. Average
mesenteric flow decreased from 95 ml/min to 5 ml/min (p
< 0.001) at 1 min and was kept low for 10 min by additional
starch microsphere administration as required. Recovery
was fairly rapid with a mean flow of 119 ml/min at 20 min
decreasing to 87 ml/min at 45 min. Two cats in this group
showed a prolonged ischemia and did not completely reach
control flow levels. Control flow values in these two animals
were 72 and 65 ml/min, respectively, and both reached a
postischemic level of 55 ml/min.

Platelets, Fibrinogen, and Factor VIII

Concurrent aortic and portal blood samples were obtained
from eight animals in each experimental group. Signs of
catheter thrombosis developed in two animals in group 1,
and these were excluded.

In each animal, the fraction of aortic levels of blood
platelets, fibrinogen, and factor VIII present in concurrent
portal blood samples was calculated and termed "residual

r

50
MiNJ'ES

Fig. 1.—Superior mesenteric arterial blood flow in 10 cats (group 1)
exposed to combined trauma of degradable starch microsphere (DSM)-
induced temporary small intestinal ischemia and surface radiation dose of 7
Gy delivered to small intestine during induced ischemia.

DSM ADMINISTRATION
7GY

200 kv ICu

50
MINUTES

Fig. 2.—Superior mesenteric arterial blood flow in eight cats (group 2)
exposed to surface dose of 7 Gy delivered to intact abdomen followed after
72 hr by degradable starch microsphere (DSM)-induced temporary small
intestinal ischemia and second fraction of 7 Gy delivered to small intestinal
surface during induced ischemia.

percentage" = portal level/aortic level x 100. A residual
percentage less than 100% thus indicates consumption of
platelets, fibrinogen or factor VIII in the small intestinal
circulation. Such consumption would indicate thrombosis in
small intestinal vessels. However, no significant consump-
tion of platelets, fibrinogen, or factor VIII was detected in
intestinal vessels after starch microsphere-induced is-
chemia and irradiation during the ischemic phase in either
experimental group (fig. 3).

In group 1, control aortic platelet number of 194 ± 18
x 109/L (standard error of the mean, n = 8) was not
significantly altered after 45 min. Control aortic fibrinogen
and factor VIII levels were 1.5 ± 0.15 g/L and 90.5 5%,
respectively. Neither was significantly changed after 45 min.

Group 2 (preirradiated animals) had a control aortic plate-
let level of 168 ± 21 x 109/L. Control aortic fibrinogen and
factor VIII levels were 1.6 ± 0.16 g/L and 86 ± 7%,
respectively. No significant alterations in the observed con-
trol levels were found during the experiment.
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Fig. 3.—Portal vein concentration of blood platelets, fibrinogen, and
coagulation factor VIII before and after exposure to temporary starch micro-
sphere-induced small intestinal ischemia and surface radiation dose of 7 Gy
delivered to small intestine during induced ischemia. Concurrent aortic levels
= 100%. Mean ± standard error of mean, n — 8. Panel A: animals not
exposed to prior irradiation; panel B: animals exposed to 7 Gy to abdomen
72 hr earlier.

Vasoactive Agents

The vascular responses to mesenteric arterial injection of
isoproterenol (0.25 /ag/kg) and vasopressin (0.02 lU/kg)
were conserved after starch microsphere-induced tempo-
rary small intestinal ischemia and concurrent irradiation in
both experimental groups (figs. 4 and 5). In all animals in
both experimental groups, superior mesenteric arterial flow
increased in response to isoproterenol and decreased in
response to vasopressin administration.

Histology

Hematoxylin and eosin-stained sections of small intestinal
tissue showed slight irregularity of the luminal epithelium,
but no serious damage from ischemia or irradiation (fig. 6A).
No fibrin thrombi were demonstrated in mucosal or submu-
cosal vessels in sections stained with hematoxylin and eosin
or phosphotungstic acid hematoxylin stains (figs. 6A and
6B).

PAS-stained sections demonstrated some intact starch
microspheres and starch microsphere remnants in germinal
centers in Peyer's patches, predominantly in the ileum.
Some capillaries coursing through germinal centers were
filled with PAS-positive material which probably represents
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Fig. 4.—Response of small intestinal vessels to mesenteric arterial admin-
istration of isoproterenol (0.25 ^g/kg) and vasopressin (0.02 lU/kg) after
exposure to temporary starch microsphere-induced small intestinal ischemia
and irradiation to surface dose of 7 Gy during induced ischemia. Mean and
standard error of mean, n = 8.
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Fig. 5.—Response of small intestinal vessels to mesenteric arterial admin-
istration of isoproterenol (0.25 jig/kg) and vasopressin (0.02 lU/kg) after
exposure to temporary starch microsphere-induced small intestinal ischemia
and irradiation to surface dose of 7 Gy during induced ischemia. Animals
were exposed to surface dose of 7 Gy to intact abdomen 72 hr earlier. Mean
and standard error of mean, n = 8. ^ ^

degraded and partly dissolved starch derived from disinte-
grating starch microspheres (figs. 6C and 6D). Apart from
the few starch microspheres and sphere remnants found in
iymphoid tissue, no intravascular starch remained in any
layer of the small intestine 120-135 min after initial starch
sphere administration.

Amylase Activity

Mean amylase activity in aortic blood samples in the 18
cats was 1,030 arbitrary units. There were no significant
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Fig 6 —Microscopic appearance of srna!l in-
testine exposed to surface dose of 7 Gy followed
after 72 hr by starch microsphere-incJuced tem-
porary rschemia and second fraction cf 7 Gy de-
livered during induced ischemia Sections were
fixi d in formaline 120-135 mm after initial starch
spht re embolization A and B. Slight irregularities
of lun mal epithelium Intac! villi and vessels wi!h-
oul evdence of thrombosis or starch micro-
spheres. H and E (A) and phosphotungstic acid
hematoxylm (B) x TO. C and D. PAS-stamecf sec-
tions showing partly intact, partly disintegrating
intravascular PAS-positive starch microspheres
located in germinal centers in Peyer s patches in
deal segment of small intestine No PAS-posilive
intravascular material visible elsewhere in mucosal
or submucosal vessels *28 (C). x 112 (D)

p

differences between the two groups. Normal range in hu-
mans by this method of analysis is 40-140 units.

Discussion

In this study, mesenteric intraarterial administration of
degradable starch microspheres instantly induced a very
severe small intestinal ischemia which could be maintained
for at least 10 min without immediate adverse effects. Su-
perior mesenteric arterial blood flow consistently recovered
to levels compatible with full recovery of small intestinal

integrity and function in 15-30 min in all animals. During
the ischemic phase, a substantial radiation dose could be
delivered to the small intestine without compromising
postischemic recovery of small intestinal blood flow. Nor did
preceding irradiation influence flow recovery.

Injury to vascular endothelium initiates intravascular
thrombus formation characterized by consumption of blood
platelets, fibrinogen, and coagulation factor VIII in damaged
vessels [13-15]. Thus, blood concentrations of these ele-
ments would be expected to decline during the passage
through the small intestinal microcirculation if significant
thrombosis were induced by the combined vascular trauma
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of starch sphere microembolization, ischemia, and irradia-
tion. However, consumption of platelets, fibrinogen, or fac-
tor VIII was not detected across the mesenteric vascular
bed, nor did systemic levels of these elements decrease
significantly during the experiment. Moreover, histologic
evidence of thrombi in small intestinal vessels could not be
demonstrated. Therefore, significant thrombosis in small
intestinal vessels probably did not occur in the experimental
animals. Exposure to preceding irradiation did not increase
the risk of thrombotic complications in this study, and the
use of anticoagulants to prevent thrombosis was not nec-
essary.

The intact response to intraarterial administration of vas-
cictive agents would indicate that starch microsphere-in-
duced ischemia combined with irradiation did not cause
major damage to small intestinal resistance vessels. In all
animals, whether exposed to preceding irradiation or not,
small intestinal vessels conserved the ability to dilate in
response to isoproterenol administration. This observation
further suggests that mesenteric arterioles were not irre-
versibly obstructed by intravascular clots. Compared to
earlier reports [21, 22], the magnitude and duration of
superior mesenteric arterial flow reductions in response to
the administered vasopressin dose of 0.02 lU/kg also indi-
cate intact vessel reactivity after starch microsphere-in-
duced temporary ischemia combined with irradiation.

Microscopic examination of small intestinal sections fixed
in formaline 2 hr after initial starch microsphere administra-
tion showed that almost all embolized starch spheres were
cleared from the intestinal microcirculation at this time. Only
capillaries in germinal centers in Peyer's patches still con-
tained visible disintegrating starch microspheres. It seems
that starch microspheres trapped in small intestinal lymph-
oid tissue are somehow partly protected from enzymatic
degradation and disintegration.

If therapeutic benefit is to be derived from hypoxic radio-
protection of healthy tissue an absolute requirement is that
the induced ischemia is confined to healthy tissue and does
not include tumor cells. In contrast to the widespread sys-
temic and the possible tumor vessel vasoconstriction and
tumor ischemia induced by intraarterial vasopressin infu-
sions [22], mesenteric microembolization of degradable
starch spheres only reduces blood flow in the embolized
superior mesenteric artery and thus induces a highly selec-
tive small intestinal ischemia [6]. The present study dem-
onstrates that severe small intestinal ischemia of 10 min
duration induced by mesenteric microembolization of de-
gradable starch spheres can be used to provide hypoxic
radioprotection of the small intestine in the cat without
undue risk of severe acute small vessel injury or thrombosis.
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STARCH MICROSPHERE INDUCED SMALL INTESTINAL ISCHAEMIA

Blood flow and morphologic investigations of late effects

K. LOTE and A. 0. MYKING

The small intestine is very sensitive to ionizing
radiation and may thus be severely injured by the
high radiation doses necessary to control the growth
of abdominal tumours. It is possible to protect the
intestine against radiation injury by inducing tempo-
rary ischaemia and hypoxia by arteriolar emboiiza-
tion of degradable starch microspheres (FORSBERG

et coll. 1978. 1979). This procedure induces a tran-
sient, selective, and severe ischaemia throughout
the small intestine (LOTE et coll. 1980) without caus-
ing detectable acute vascular injury or thrombosis
f LOTE 1981 a. b). Possible late adverse effects were
investigated in cats and the results are now re-
ported.

Material and Methods

Animal preparation. Fifteen adult cats of either
sex weighing from 1.7 to 4.5 kg (mean 2.4 kg) were
used. The animals were fed on water only the last 24
hours before the experiment. The cats were an-
aesthetized with sodium pentobarbital (40 mg/kg). A
butterfly needle was inserted into a femoral vein,
and a saline infusion (10 ml/kg/h) was established.
Two surgical procedures separated by an interval of
14 days were performed on each animal. On day 1. a
midline laparotomy was performed. An electromag-
netic probe was positioned over the main trunk of
the superior mesenteric artery. After isolation and
ligation of the distal end of the right colic branch of
the superior mesenteric artery, a cannula (OD 0.63

mm) was inserted, advanced 3 to 5 mm in the proxi-
mal direction, and secured in this position with the
cannula tip pointing into the main trunk of the supe-
rior mesenteric artery. Degradable starch micro-
spheres were injected through this cannula. Care
was taken to secure that the cannula tip and the
electromagnetic flow probe were separated by at
least 2 cm. Following induction of temporary small
intestinal ischaemia by intraarterial injection of
starch microspheres. the intraarterial cannula was
removed, the artery iigated, and the abdomen
closed by Dexon sutures. On day 14, each animal
was reoperated during pentobarbital anaesthesia.
Plastic cannulas were inserted into the abdominal
aorta through both femoral arteries. Another can-
nula was inserted into the left ventricle of the
heart through the right carotid artery. Correct cath-
eter position was confirmed by recording left ven-
tricular pressures before and after tissue flow deter-
minations by carbonized microspheres injected into
the left ventricle. The cats were killed by intracar-
diac injection of potassium chloride. The abdomen
was not reopened ante mortem.

Tissue blood flow. Carbonized microspheres
(New England Nuclear, Boston, MA, USA) with
diameter of NXtLlfiim and labelled with ll3Sn or
14'Ce were used to measure blood flow per g of
tissue. The microspheres were suspended in 10%
Dextran with addition of Tween-80 to prevent aggre-
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Mesenteric arterial flow (ml/min)
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Fig. 1. Blood flow (electromagnetic) in the superior mesenteric
artery before, during, and following mesenteric arteriolar emboii-
zation of degradable starch microspheres in 15 cats.

gation. The sonified suspensions contained about
1.2xlO6 spheres/ml and were mixed thouroughly
immediately before injection of 1.0 ml suspension
into the left ventricle. Simultaneously, a reference
blood sample was withdrawn from the distal aorta at
a constant rate as described by HEYMANN et coll.
(1977) and confirmed in the cat by SEGADAL &
SVANES (1979). Net activity in blood and tissue
samples was determined in a multichannel gamma
spectrometer (ICN Instruments SC 722, Oakland,
CA, USA) and the tissue flow was calculated from
the following formula: QT=QR x (cpm T/cpm R),
where QT is blood flow rate in tissue sample, QR is
blood flow rate in aortic reference sample, cpm T is
counts/min/g in tissue, and cpm R is counts/min in
reference blood sample. During injection of carbon-
ized microspheres, the haemodynamic state of the
animals was carefully monitored. Isolated ventricu-
lar ectopic beats were occasionally observed in 3 of
15 animals, without any significant influence on the
arterial blood pressure.

Tissue samples. Small intestinal tissue samples
were taken at 9 consecutive levels 10 to 90 cm from
the ligament of Treitz. The mucosa/submucosa layer
was separated from the muscularis layer by simple
stripping. Microscopic examination confirmed that
the mucosa samples consisted of lamina propria,
muscularis mucosae, and stratum submucosum. The
muscularis layer contained only smooth muscle and
serosal lining. Samples for histopatholcgic examina-
tion were also taken at 10, 25, 50, 75 and 90 cm
distance from the ligament of Treitz, fixed in 4 %
neutral formalin, and processed for paraffin embed-
ding. Routinely cut sections were stained with he-
matoxylin and eosin and periodic acid Schiff (PAS)
stains. The microscopic. slides were examined for
signs of small intestinal inflammatory reactions and
starch microsphere remnants in the tissue, and gran-
ulomatous intestinal inflammation (STERNLIEB et
coll. 1977).

Arterial blood flow. The blood flow in the superi-
or mesenteric artery was recorded by an electro-
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Fig. 2. Small intestinal blood flow (carbonized microsphere dis-
tribution) measured during laparotomy in 16 cats (•) compared
with blood flow measured 14 days after temporary starch micro-
sphere induced ischaemia (D) in 15 cats. Mean and SEM of
observations obtained at different distances aborally from the
ligament of Treitz are given.

Fig. 3. Small intestinal biopsy showing lamina propria and mus-
cuiaris mucosae 14 days after temporary starch microsphere
induced ischaemia. Well preserved structures, normal villi, glan-
dular crypts, and absence of inflammatory changes. H+Ex36.

7758 A recorder calibrated directly against a sphyg-
momanometer.

Control animals. The tissue blood flow to the-
small intestinal mucosa and muscuiaris was com-
pared with that observed in 16 other animals which
underwent similar surgical preparation (LOTE et
coll. 1980, LOTE 1981a). In the control animals,
the tissue blood flow was determined immediately
after the surgical procedure on day I, and before
induction of temporary intestinal ischaemia. In the
present series, however, intestinal tissue flow was
determined 14 days after induction of temporary
ischaemia, and before the abdomen was reopened.

Degradable starch microspheres. The starch
spheres were produced and supplied by Pharmacia
AB, Uppsala. Sweden (Pharmacia 40/15, batch
70635,60 mg/ml). Mean sphere diameter was 40^m.
The microspheres were suspended in isotonic sa-
line. The suspension was injected into the superior
mesenteric artery through the indwelling catheter to
produce temporary small intestinal ischaemia. Se-
rum amylase was determined as described by ZlN-
TERHOFER et coll. (1973).

Experimental procedure. After surgical prepara-
tion of the animals on day 1, control superior me-
senteric electromagnetic blood flow was recorded.
Serum for amylase determinations was obtained.
The microsphere suspension was then injected into
the superior mesenteric artery at a rate of 2.0 ml/min
until arterial flow stabilized at a minimum level,
usually 0 to 10 ml/min. Additional suspension was
injected as required to keep the superior mesenteric
aterial flow at this minimum level for 10 min. The
microsphere injection was then terminated. Arterial
flow was monitored for 20 min or until control flow
was regained. The abdomen was then closed and the
animal permitted to recover. At surgery on day 14, a
single carbonized microsphere blood flow determi-
nation was performed before the animal was killed.

Statistics. Student's two-tailed t-test for compari-
son of two means was used to test statistical prob-
ability. A p-value less than 0.05 was regarded as
statistically significant.

magnetic flow probe positioned over the artery and
connected to a square wave flowmeter (Carolina
Medical Electronics, 501, King, NC, USA). The
zero point was established by brief occlusion of the
vessel distal to the probe. Aortic blood pressure and
pulse rate were determined with a Statham pressure
transducer P23De connected to a Hewlett-Packard

Results

Superior mesenteric arterial blood flow on day I.
The variations of mesenteric arterial blood flow is
illustrated in Fig. i. The flow was immediately re-
duced to very low levels by starch sphere emboliza-
tion; it was reduced from an average of 39 ml/min to
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Fig. 4. a) Germinal centre of an ileal Peyer's patch showing
engulfed starch panicles residing within macrophages 14 days
after starch microsphere induced ischaemia. PAS-stain x 250. b)

Same section at higher magnification. Several large starch con-
taining macrophages. PAS-stain x 1 000.

2.5 ml/min within one min. This severe ischaemia
was easily maintained for 10 min by additional
starch sphere administration as required. Ischaemia
reversed itself within 5 to 10 min upon termination
of starch microsphere injection. Two animals (Nos
4, 7) had a more protracted recovery period. AH
animals recovered without complications from an-
aesthesia, surgery, and temporary starch micro-
sphere induced small intestinal ischaemia. No in-
traabdominal infections occurred. The group of cats
gained weight from 2.4 kg (range 1.7-4.5 kg) to 2.5
kg (range 2.0-4.1 kg) on day 14.

Serum amylase activity. Mean serum amylase ac-
tivity was 1365 units (range 2280-820 units). Nor-
mal range in humans by this method of analysis is 40
to 141 units.

Smrll intestinal tissue blood flow on day 14. The
tissue blood flow in small intestinal mucosa and
muscuiaris layers 14 days after severe temporary

starch microsphere induced ischaemia is given in
Fig. 2. Compared with the control group, the muco-
sal blood flow determined at 9 gut levels in animals
exposed to starch microspheres was slightly lower.
However, the difference was not statistically signifi-
cant (p>0.05) at any gut level. In contrast, blood
flow in the muscuiaris layer was significantly lower
in animals exposed to starch microsphere emboliza-
tion (p<0.01). The two animals (Nos 4. 7) which
made slow recoveries from the induced ischaemia
gained weight (0.1 kg each) during the observation
period, and showed tissue flow values after 14 days
above the group average.

Morphologic examination on day 14. Macroscopi-
cally the gut appeared completely normal in all ani-
mals. Microscopic examination of small intestinal
tissue obtained at 5 different levels from the jejunum
to the terminal ileum did not demonstrate signs of
ischaemic tissue injury or acute or chronic intestinal
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inflammation in any of the 15 animals (Fig. 3).
Starch microspheres or starch remnants were not
observed in the vessels or the interstitial tissue of
the mucosa. submocusa. or muscularis layers. How-
ever, PAS-positive fragments were located within
macrophages residing in germinal centres of ileal
Peyer's patches, and could be demonstrated in all 15
animals 14 days after starch microsphere emboliza-
tion (Fig. 4). No obvious correlation between the
degree of starch sphere persistence and serum amy-
lase level was found, nor any obvious correlation
between the duration of microsphere induced is-
chaemia and starch fragment persistence. No in-
flammation or cellular reactive changes were ob-
served around starch containing macrophages with-
in Peyer's patches in the ileum.

Discussion

Mesenteric emboiization of degradable starch mi-
crospheres induced an immediate and severe small
intestinal ischaemia which was maintained for 10
min before the superior mesenteric arterial blood
flow was allowed to recover. In all but 2 animals,
the superior mesenteric arterial flow rapidly recov-
ered upon termination of the starch microsphere
injection. The delayed blood flow restoration ob-
served in these 2 animals did not cause late ischae-
mic injury to the small intestine.

Mucosal tissue flow determined 14 days after the
temporary intestinal ischaemia was not significantly
different from that of the control group, and was
comparable to previous results obtained in the cat
(GRANGER et coll. 1980). In contrast, muscularis
blood flow was lower. Admittedly, the control and
experimental groups are not quite comparable since
the small intestinal blood flow was determined dur-
ing actual laparotomy in the former, and before
relaparotomy in the latter group. Probably the ob-
served muscularis and mi ~osa tissue blood flow
differences are explained by intestinal vascular in-
flammatory dilatation in response to laparotomy,
and not by starch microsphere induced ischaemic
injury to the muscularis layer, since all animals tol-
erated the ischaemia well. Thirteen of fifteen ani-
mals increased in weight during the observation pe-
riod. Obviously, the blood flow to all wall layers
after the temporary ischaemia was adequate to sus-
tain normal intestinal function.

Intraperitoneal starch may induce starch granulo-

mas after a latence period of 1 to 2 weeks (STERN-

LlEB et coll.). No evidence of such granulomas was
observed at microscopic examination of small intes-
tinal tissue massively exposed to intravascular
starch microspheres 14 days previously. However,
small amounts of sphere remnants and starch frag-
ments engulfed by macrophages could still be dem-
onstrated in lymphoid tissue in the ileum. Reexa-
mination of microscopic slides obtained 120 to 135
min after starch microsphere emboiization (LOTE

1981 b) showed that ail visible starch fragments at
that time were phagocytosed by macrophages locat-
ed outside the capillaries. There is strong evidence in
favour of the assumption that the intracellular PAS-
positive material represents sphere remnants. The
present experiments do not elucidate the intermedi-
ate steps of sphere degradation and phagocytosis.
However, there is evidence from human material
that the PAS-positive fragments are transported into
(ymphoid tissue by macrophages (LOTE et coll.. un-
published observations). Thus, starch microspheres
may be eliminated from the circulation in two ways,
by enzymatic degradation and by fragmentation and
phagocytosis. Whether the phagocytosis takes place
intravascularly or extra vascular! y cannot be eluci-
dated by the present findings. Clearly, starch frag-
ments within macrophages are metabolized very
slowly compared with the rapid elimination of intra-
vascular starch spheres. The absence of inflamma-
tion in the vicinity of starch loaded macrophages
strongly indicate that no injury was elicited by such
intracellular starch persistence.

In summary, mesenteric emboiization of degrada-
ble starch microspheres instantly induced severe
temporary small intestinal ischaemia which did not
cause detectable late adverse effects in the small
intestine of cats. Starch fragments persisted for 14
days within macrophages located in intestinal
lymphoid tissue. Such starch persistence did not
cause intestinal injury or inflammation.

SUMMARY
Severe temporary small intestinal ischaemia was in-

duced in 15 cats by mesenteric emboiization of degradable
starch microspheres. After an observation period of 14
days, small intestinal histopathology and tissue blood flow
were investigated. Intracellular starch fragments were
found in tissue macrophages in ileal Peyer's patches in all
animals, but no late adverse effects of starch microsphere
emboiization were observed.
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SUMMARY

The severity and distribution of small intestinal
ischaemia caused by temporary proximal occlusion of the
superior mesenteric artery in cats were evaluated by
electromagnetic flowmetry and carbonized microspheres.
Average mucosal blood flow was reduced from 0.91* to 0.40
ml/min/g. Mucosal flow in the proximal jejunum and distal
ileum was even less affected. Ischaemia induced by
proximal occlusion of the superior mesenteric artery in
cats was not severe enough to provide optimum conditions
for intestinal hypoxic radiation protection, nor was such
ischaemia evenly distributed along the gut.



INTRODUCTION

Injury caused by low linear energy transfer ionising
radiation is dependent on the oxygen tension in the
irradiated tissues and is decreased by a factor of 2 to 3
in anoxia (GRAY et coll. 1953, GRAY 1961). The limited
tolerance of the small intestine to radiation severely
restricts irradiation of abdominal and retroperitoneal
tumours. Temporary mesenteric ischaemia and hypoxia during
irradiation can protect the small intestine against
radiation injury (STECKEL et coll. 1974, PENN et coll.
1975, FORSBERG et coll. 1978, 1979), and may permit higher
therapeutic doses to tumours without causing unacceptable
radiation enteritis. Mechanical occlusion of superior
mesenteric artery branches (PENN et coll.), systemic or
selective administration of vasoconstrictor drugs (STECKEL
et coll., RAPPLEYE et coll., 1975, LOTE et coll. 1981), or
mesenteric embolization of degradable starch microspheres
(ARFORS et coll. 1976, FORSBERG et coll. 1978, 1979, LOTE
et coll. 1980, LOTE 1981) can all induce temporary
ischaemia. The relative efficacy of these methods for
radiation protection of the small intestine is, however,
uncertain. Therefore the effect of small intestinal
ischaemia of 10 min duration by direct clamping of the
superior mesenteric artery was evaluated in cats.

MATERIALS AND METHODS

Animal preparation.
Seven adult cats of either sex weighing between 2.4 and

5.5 kg (mean 3.4 kg) were used after an overnight fast.
The cats were anaesthetized with sodium pentobarbital (40
mg/kg). Plastic cannulas were inserted into the distal
aorta through both femoral arteries. The left femoral vein
was also cannulated and a slow saline infusion (10
ml/kg/h) established. The tip of another cannula was
placed in the left ventricle of the heart from the right
carotid artery; its position was checked by recording left
ventricular pressures. A midline laparotomy followed by
splenectomy was performed. An electromagnetic flow probe
was positioned over the main trunk of the superior
mesenteric artery, and an occluding snare was prepared 1
to 2 cm distal to the probe. A dowel flow probe was
carefully positioned on the superior mesenteric vein.
Throughout surgery the small intestine was manipulated as
little as possible. The mesentery was left in place. The
nerve plexus covering the proximal trunk of the superior
mesenteric artery was incised longitudinally to permit
artery isolation, but the nerve fibres were not sectioned.

Tissue blood flow.
Carbonized

with diameter

•L. w W •

microspheres (New England-Nuclear, Boston)
15.5 um and labeled with y:>Nb,



^Ru, ^Sn, or Ce were used to measure
blood flow per g of tissue. The microspheres were
suspended in 10 % dextran with addition of Tween-80 to
prevent aggregation. The sonicated suspensions contained
1.2x10 spberes/ml. After thorough mixing, 1.0 ml
sphere suspension was injected into the left ventricle for
each tissue flow determination. Simultaneously, a
reference blood sample was withdrawn from the distal aorta
at a constant rate as described by HEYMANN et coll. (1977)
and confirmed in the cat by SEGADAL and SVANES (1Q79). Net
activity in blood and tissue samples was determined in a
multi-channel gamma spectrometer (ICN Instruments SC 722,
Oakland), and tissue blood flow was calculated from the
following formula: QT=QR x (cpmT/cpmR) , where QT is blood
flow rate in the tissue sample, QR flow rate in the aortic
reference sample, cpm T is counts/min/g in tissue, and cpm
R is counts/min in the reference blood sample. Cardiac
output (CO) was also determined by the microsphere
technique by the following formula: CO = QR x cpml/cpmR,
where cpm I is counts/min of total amount of injected
microspheres. During injection of carbonized microspheres,
the haemodynamic state of the animal was carefully
monitored. Isolated ventricular ectopic beats were
occasionally observed, without any significant influence
on arterial blood pressure or mesenteric arterial or
venous blood flow.

Tissue samples.
Small intestinal tissue samples were taken at 9

consecutive levels 10 to 90 cm from the ligamentum of
Treitz to the caecum. Transmural circular tissue samples
were taken from the duodenum, caecum, transverse colon,
and from the rectum 2 cm above the anus. Samples were also
taken from the liver, pancreas, both renal cortices, and
lymph nodes at the aortic bifurcation.

Electromagnetic flowmetry.
Arterial blood flow in the superior mesenteric artery

was recorded by a flow probe positioned over the proximal
part of the artery and connected to a square wave
electromagnetic flowmeter (Carolina Medical Electronics,
501, King, North Carolina). A dowel flow probe connected
to a parallell flowmeter was used to measure superior
mesenteric venous blood flow. Corrected zero flow readings
were confirmed by arterial and venous occlusions,
respectively, at the end of each experiment. Central
aortic blood pressure and pulse rate were determined with
a Statham pressure transducer P23De connected to a
Hewlett-Packard 7758 A recorder and directly calibrated
against a sphygmomanometer.

Experimental procedure.
Following the completion of instrumentation, the cats

were heparinized (100 U/kg). The first (control) blood
flow determination by labeled microspheres was then
performed. Blood flow in the superior mesenteric artery
and vein were continuously recorded. At time zero, the
superior mesenteric artery was occluded distal to the
electromagnetic probe by the prepared snare. Cessation of



arterial flow was confirmed by flowmeter readings. After 3
to 5 min, the second blood flow determination by labeled
microspberes was performed. At 8 to TO min, the third
blood flow determination was done. Ten min after initial
arterial obstruction, the occluding snare was removed, and
the superior mesenteric arterial flow permitted to
recover. The fourth blood flow determination by labeled
microspheres was performed on an individual basis 1̂  to T9
min after initial arterial occlusion when superior
mesenteric arterial flow had reached a stable level
following temporary intestinal ischaemia. At the end of
the experiment, the animals were killed by cardiac
injection of potassium chloride.

Statistics.
Wilcoxson's paired rank sum test was used to test

statistical probability. Each animal served as its own
control. A p-value less than 0.05 was regarded as
statistically significant.



RESULTS

Superior mesenteric arterial and venous blood flow.

Arterial blood flow in the superior mesenteric artery
increased rapidly when the snare was removed 10 tnin after
initial obstruction, and stabilized during the next 8 to
10 min (Fig. 1). Mesenteric venous blood flow was
initially reduced from an average of 51 to 25 ml/min
(range 13-4H ml/min), then stabilized at this level
throughout the ischaemic period, and increased to slightly
less than control values following ischaemia (Fig. 1)
All animals maintained considerable mesenteric venous
blood flow in spite of total superior mesenteric arterial
occlusion. Only one animal (No 5) showed a transient
reactive hyperaemia (Fig. 1).

Legend to Fig. 1
a) Superior mesentenc arterial
flow in ml/nin (electromagnetic!
before and following artery oc-
clusion of 10 «in duration in
6 cats Icat No 3 was excluded
for tecnical reasons).
b) Superior «esentenc venous
flow in ml/min (electromagnetic)
before, during and following
superior mesenteric artery oc-
clusion in 7 cats.
c) Blood flow in ml/ain/g (car-
bonized «icrospheresl in mueo-
sa 40 an aboral to the lig. of
Treitz before, during and fol-
lowing superior «esenteric ar-
tery occlusion for 10 min in
1 cats.

20 mmuits

Small intestinal tissue blood flow.

Mesenteric arterial occlusion significantly reduced the
mucosal blood flow throughout the entire length of the
small intestine. However, absolute mucosal blood flow in
the proximal jejunum was only reduced to 0.72 ml/min/g,
and mucosal blood flow remained in the range of 0.2 to 0.*»
ml/min/g along the small bowel (Fig. 1c). Mean absolute
mucosal flow reductions along the small intestine during



the ischaemic period are given in Fig. 2. Flow reduction
was less in the proximal jejunum and distal ileum (4"* and
50 *, respectively) than it was in the mid-segments of the
small intestine, where a mucosal flow reduction of about
60 per cent was observed. Blood flow in the colon also
decreased during mesenteric ischaemia, but clearly less
than in the small intestine. No significant difference was
observed between small intestinal blood flow determined at
4 min or at 9 min after initial arterial occlusion.

The blood flow reductions in the muscularis layer were
more marked compared to the corresponding mucosal flow
reductions (Fig. 2). This finding was more prominent ^0 to
60 cm from the ligament of Treitz, in the bowel segments
most remote from vessels with anastomoses to the superior
mesenteric artery.

Blood flow to the duodenum did not change significantly
during temporary mesenteric ischaemia, but it was reduced
in the proximal colon (Fig. 2).
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(middle graph) . Hear, absolute
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superior mesenteric artery oc-
clusion in 7 cats (lower graph I

Blood flow in extra-intestinal tissues.

Blood flow in retroperitoneal adipose tissue
(0.16^0.13 ml/min/g, SE) and lymph nodes (0.27±0.05
ml/min/g) did not change during or after temporary
mesenteric arterial occlusion, nor were cardiac output
(ifl8±100 ml/min) or myocardial tissue flow (2.40^0.08
ml/min/g) significantly altered.

Bilateral renal cortical blood flow by the microsphere
method was determined in each animal to control
measurement accuracy. No significant difference in right
or left renal tissue blood flow was found (Table).



TABLE
Cortical tissue flow (ml/min/g) in right and left kidneys
determined by microspheres before, during, and following
temporary small intestinal ischaemia.

Flow Control At 1.5 min At 8 min At 15-20 tnin

Right
kidney 2.88^0.35 2.88±0.33 2.90-0.31 3.09*0.HO

Left
kidney 2.98*0.35 3.12±0.U3 2.98±0.2H 3-22*0.15

Hepatic arterial blood flow increased (p < 0.02) for
the duration of mesenteric ischaemia and was still
increased in all animals t to 9 min following arterial
flow restoration (Fig. 3). Pancreatic tissue flow
(0.87*0.16 ml/min/g) decreased to 0.51*0.22 ml/min/g
(p < 0.05) at 9 min aft*r arterial occlusion and was still
reduced (0.75-0.20 ml/min/g) at the end of the
experiment.
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Legend to Fig. 3-
Hepatic arterial blood flow is mi/ain/s h»fore, gyring,
and following superior mesenteric arterv occlusion of 1C
min duration in ' cats 'ca-bonized microsphe-es:.

Mean systolic aortic blood pressure transiently rose by
10 mm Hg (range 0-15 mm Hg) for 0.5 to 1 min after
mesenteric arterial occlusion. Pulse rate and systolic
blood pressure were otherwise not changed during or
following roesentaric ischaemia, and the animals remained
haemodynamically stable throughout the entire experiment.



DISCUSSION

The small intestinal structure and raesenteric vascular
anatomy in cat and man are very similar (NOER 19^3»
KNELLER et coll. 1972, HOLTEN et coll. 1976, GRANGER et
coll. 1980). In both species, the superior inesenteric
artery supplies the gut from the duodenum to the midcolon
and receives proximal anastomoses from the gastroduodenal
an^ pancreaticoduodenal arteries, and distal anastomoses
from the inferior mesenteric artery. The superior
mesenteric artery branches into fewer arcades in the cat
(NOER), but the intramural vascular anatomy in the two
species is otherwise essentially similar (NOER, HULTEN et
coll., GRANGER et coll). Also, close similarity of average
blood flow values in ml/min/g are reported (HULTEN et
coll., GRANGER et coll.). Thus, temporary proximal
occlusion of the superior mesenteric artery most probably
causes similar reductions in feline and human intestinal
blood flow.

Superior inesenteric arterial occlusion in the
anaesthetized cat clearly reduced superior mesenteric
venous flow and mucosal blood flow along the entire small
intestine. However, collateral arteries maintained mean
mucosal blood flow at 0.2 to 0.4 ml/min/g at all bowel
levels. Since minimum flow was reached within H min at all
levels, maximum collateral blood flow evidently was
rapidly established and was not further increased by
prolongation of the arterial occlusion. The observed
mucosal blood flow reduction, and thus mucosal ischaemia
and hypoxia, was less in the proximal jejunum and distal
ileura, but rather uniform throughout the rest of the small
intestine where mucosal blood flow was reduced by about 60
per cent.

Better preserved blood flow to both ends of the
small bowel, which lie closer to anastomosing arteries,
was expected. The reductions in pancreatic and colonic
blood flow during the superior mesenteric arterial
occlusion indicate that perfusion of the small intestine
was maintained at the expense of blood supply to these
organs.

The results also confirm previous statements
(LUNDGREN & SVANVIK 1973, CASUTO et coll. 1979) that the
fraction of intestinal blood flow diverted to the
mucosa/submucosa layer is increased during ischaemia. This
finding is more prominent in the central segments of the
ischaemic small intestine (Fig. 2). Although mucosal blood
flow is relatively better preserved during ischaemia, the
villous countercurrent exchange (JODAL et coll. 1978,
LUNDGREN & HAGLUND 1978) may render the villous tips
severely hypoxic during rather modest reductions in total
mucosal flow (LUNDGREN & SVANVIK, CASUTO et coll). In
contrast, the epithelial regenerative zone at the villous
base is not subjected to comparab."1.e hypoxia during
ischaemia (JODAL et coll.) and is thus less protected
against radiation injury. In this context, it is important
that optimum hypoxic radiation protection demands virtual
tissue anoxia (GRAY et coll., GRAY).



Ischaemia induced by proximal occlusion of the
superior mesenteric artery thus seems not sufficiently
severe to provide optimum small intestinal protection to
radiation. Moreover, blood flow through anastomoses would
render the proximal and distal parts of the small
intestine even less protected against radiation injury. By
comparison, mesenteric arteriolar embolization of
degradable starch microspheres (ARFORS et coll., LOTE et
coll. 1980, LOTE 1981) or mesenteric arterial vasopressin
infusion (LOTE et coll. 1981) induce severe and uniform
temporary small intestinal ischaemia. However,
intraarterial vasopressin administration causes unwanted
systemic vasoconstriction, which may reduce blood flow
also in target organs (LOTE et coll. 1981). Intestinal
ischaemia may reduce cardiac output and influence blood
pressure and pulse rate (MARSTON 1977, HAGLUND & LUNDGREN
1978). No such changes were seen in the present
experiments, nor was myocardial blood flow reduced during
or following the intestinal ischaemic event. The ischaemic
period was probably not long enough for significant
release of vasoactive intestinal products (MARSTON,
HAGLUND & LUNDGREN). Increased hepatic arterial blood flow
during intestinal ischaemia is regularly observed in the
literature (COHN & KOUNTZ 1963, KOCK et coll. 1972, GELMAN
& ERNST 1977).

In conclusion, temporary proximal occlusion of the
superior mesenteric artery in the cat rendered the small
intestine only moderately ischaemic due to abundant
collateral flow. Also, ischaemia was unevenly distributed
along the gut. The degree and distribution of such
ischaemia, therefore, cannot be expected to provide
optimum small intestinal hypoxic radiation protection.
This conclusion also applies to artery occlusion achieved
by inflatable balloons during selective catheterization of
the artery.
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Mesenteric Arterial
Vascpressin in Cats: Local and
Systemic Effects
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The administration of intraarterial mesenteric vasopressin to induce small intestinal
ischemia was evaluated in the cat. Small intestinal blood flow was measured by
carbonized microsphere distribution and electromagnetic flowmetry. Injection of " " r e -
labeled isotope into the superior mesenteric artery was monitored by gamma camera,
and isotope kinetics were evaluated as indicators of small intestinal blood flow.
Superior mesenteric arterial and small intestinal mucosal blood flow could maximally
be reduced to 15%-20% of control by vasopressin administration. 99rrTc04 mesenteric-
cardiac transit time was doubled in all animals when small intestinal mucosal blood
flow was reduced to less than one-third of control. However, significant blood flow
reductions were induced in other abdominal organs, most importantly in retroperitoneal
lymph nodes and adipose tissue. Intraarterial mesenteric vasopressin administration
does not induce sufficiently severe and specific intestinal ischemia to provide optimal
conditions for selective small intestinal hypoxic radioprotection.
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Cellular destruction inflicted by ionizing radiation from photons and electrons
is dependent on the radiation dose administered and the oxygen tension in the
tissues at the time of irradiation. It has been shown that radiation injury is reduced
by a factor of 2-3 in severe tissue hypoxia [1, 2]. By decreasing the oxygen
tension, it is possible to minimize radiation damage to normal tissues [3-6].

Vasopressin administration reduces intestinal blood flow [7-9] and can protect
the small intestine against radiation injury [10-12]. It is recognized that effective
radioprotection demands severe degrees of hypoxia [2]. The optimal vasopressin
dose and route of administration to achieve selective intestinal ischemia and
radioprotection are uncertain [11-14]. Nor is a simple, noninvasive method to
assess the induced blood flow reductions available.

Our study was designed to evaluate: (1) the maximal efficacy of intraarterial
administration of vasopressin in inducing temporary small intestinal ischemia; (2)
the systemic effects of such vasopressin doses; and (3) the mesenteric half-life
(T/2) and the mesenteric-cardiac transit time (MCTT) of " T C O A injected into
the superior mesenteric artery as indicators of blood flow reductions in the small
intestine.

Materials and Methods

Animal Preparation

Five cats were used in preliminary experiments, and 10 cats in the primary experimental
group. One animal of the latter group was excluded as it did not respond to vasopressin.
In all, 15 male or female cats weighing 1.9-5.8 kg were used. The animals were fed water
only for the last 24 h. before an experiment. The cats were anesthesized with sodium
pentobarbital (40 mi /kg) . A tracheotomy was performed. A cannula (1.02-mm-OD) was
inserted into the inferior vena cava through a femoral vein. A second cannula was placed
in the left ventricle of the heart from the right carotid artery. Two cannulas were inserted
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into the abdominal aorta through the femoral arteries.
A midline laparolomy was performed. The main trunk of the

superior mesenteric artery was isolated and prepared for flowmetry.
After isolation and ligation of the distal end of the right colic branch
of the superior mesenteric artery, a cannula (0.63-mm-OD) was
inserted and advanced 3-5 mm in the proximal direction. It was
fixed in this position with the cannula tip pointing into the main trunk
of the superior mesenteric artery. Vasopressin was injected through
this cannula. Care was taken to secure that the cannula tip and the
electromagnetic flow probe on the proximal part of the superior
mesenteric artery were separated by at least 2 cm. The animals
were placed on a healing pad to maintain a rectal temperature of
37°-38c' C, and received saline infusions during the surgical pro-
cedure. The saline infusion was stopped 20-30 min before vaso-
pressin administration.

Vasopressin Dosage and Administration

Vasopressin solutions were prepared from freshly opened am-
pullas (Pitressin, Parke-Davis), diluted to the desired concentration
in isotone saline, and used within 3 hr. Preliminary experiments
were performed in five animals to establish vasopressin doses
necessary to produce at least 80% reduction in electromagnetic
superior mesenteric arterial flow.

The primary experimental group of 10 animals received 0.15 IU/
kg of vasopressin in a volume of 0.5 ml into the superior mesenteric
artery through the indwelling intraarterial catheter. The injection
lasted for 30 sec, and was immediately followed by an infusion of
0.075 IU/kg/min delivered by an infusion pump (Harvard Peristaltic
Pump 1203, Harvard Instruments, Boston) calibrated to deliver 0.3
ml/min. After 3 min, the vasopressin infusion was temporarily
interrupted for 0.5-1 min to permit the injection of 99mTcO4 into the
superior mesenteric artery. The vasopressin infusion was then
continued for a total of 10 min after the initial vasopressin admin-
istration.

Tissue Blood Flow

Carbonized microspheres (CMS) (3M Co. St. Paul) with diameter
of 14.8 ± 1.3 urn and labeled with "6Sc, 51Cr, 85Sr, or ""Ce were
used to measure blood flow per gram of tissue. The microspheres
were suspended in 10% Dextran with addition of Tween-8C to
prevent aggregation. The sonificated suspensions contained about
1.2 x 106 spheres/ml and were mixed thoroughly immediately
before injection into the left ventricle. Simultaneously, a reference
blood sample was withdrawn from the distal aorta at a constant rate
as described by Heymann et al. [15] and verified in the cat model
by Segadal and Svanes [16]. Net radioactivity in blood and tissue
samples was determined in a multichannel gamma spectrometer
(ICN Instruments SC 722, Oakland), and tissue blood flow was
calculated from the following formula: 07 = OR x (cpm T/cpm R)
(in ml/min/g), where QT is blood flow in tissue sample, QR is blood
flow in aortic reference sample, cpm T is counts/min/g in tissue,
and cpm R is counts/min in reference blood sample.

Cardiac output (CO) was also determined by the microsphere
technique and is given by the following formula: CO = QR x (cpm
l/cpm R) (in ml/min), where cpm I is counts/min of total amount of
injected microspheres. During injection of carbonized micro-
spheres, the hemodynamic state of the animal was carefully moni-
tored. Isolated ventricular ectopic beats were occasionally observed
in tour of the animals, without any signifciant influence on arterial
blood pressure or mesenteric arterial blood flow.

Tissue Samples

Small intestinal tissue samples were taken at nine consecutive
levels 10-90 cm from the ligamentum of Treitz. The mucosa was
separated from the muscuiaris layer by simple stripping. Micro-
scopic examination showed that the mucosa samples consisted of
muccsa proper, muscularis mucosa, and submucosa. The muscu-
lans -T contained only smooth muscle and the serosal lining.

S.-gn ur j and rectal samples were taken 10 and 2-3 cm from the
anus, respectively. Bladder samples were taken from the vesical
vault and contained all wall layers. Lymph node samples were taken
from the aortic bilurcational area. Retroperitoneal adipose tissue
was taken from the aortic bifurcationa' = d the left renal hilar areas.
Skeletal muscle was obtained from tii - psoas major and biceps
brachii muscles. Spleen and liver samples were taken from the
medial-inferior margins. Pancreatic samples were taken from the
corpus part.

The 99mTc isotope (see below) in blood and tissue samples was
permitted to decay for at least 7 days C?8 half-lives) before the
samples were counted for carbonized microsphere radioactivity.

Scintigraphy

The dose of " T c isotope ranged from 1.85 to 7.4 x 109 Bq and
was suspended in 0.2 ml saline. The dead space of the indwelling
arterial catheter was filled with 0.2 ml 99"TcO4 solution, and was
then flushed with 0.4-0.5 ml isotone saline within 1 sec. Radioactive
emission from the abdominal and cardiac areas was monitored by
a Pho/Gamma camera (Nuclear-Chicago) connected to a PDP 8/e
Nukab computer (Digital Equipment Corporation, Maynard, MA).
The intestinal and cardiac areas were directly identified by means
of a radioactive marker. By computer integration, accumulated
counts over each area were determined at 1 sec intervals for 60
sec after injection of 99mTc04 into the superior mesenteric artery.
The radioactivity during the preceding 10 sec was used as back-
ground level. The half-life 072) of 99mTc in the mesenteric vessels
was calculated from the initial slope of the semilogarithmic plot of
mesenteric radioactivity vs. time. The minimum mesenteric-cardiac
transit time (MCTT) (defined as the time interval between the ap-
pearance of activity in the mesenteric and cardiac areas) of 99mTc
injected into the superior mesenteric artery was also determined
with a gamma camera.

Arterial Blood Flow

Arterial blood flow in the superior mesenteric artery was detected
by a flow probe positioned over the artery and connected to a
square wave electromagnetic flowmeter (Carolina Medical Electron-
ics, 501, King, NC). The zero point was established by brief occlu-
sions of the vessel distal to the probe.

Aortic blood pressure and pulse rate were determined with a
Statham pressure transducer P23De connected to a Hewlett-Pack-
ard 7758A recorder and calibrated against a sphygmomanometer.

Experiment Procedure

After instrumentation, the animal was placed with the abdominal
center upward facing the center of the gamma camera collimator.
The animal was not moved during the subsequent experiment. The
first (Control) "TcO* injection was performed, immediately fol-
lowed by the first (Control) CMS tissue blood flow determination.
The electromagnetic probe recorded superior mesenteric blood
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Fig. 1.—Changes in cardiac output (CO), superior mesenteric arterial flow
(AF), and tissue blood (low to the small intestinal mucosal layer (ML),
retropentoneal lymph nodes (LN). and retroperitoneal adipose tissue (AT)
after repeated vasopressin infusions of 7 min duration in one animal. Control
values (100%) were: CO 538 ml/min. AF 115 ml/min, ML 0.96. LN 0.41.
and AT 0.08 ml/min/g. Vasopressin dosage: 0.02-0.4-0.06 IU/kg/mm.
Intervals of 60 min between infusions.

flow continuously. At time zero, vasopressin administration was
started, and briefly interrupted after 3 min to permit the second
" " T e d injection. After 5 min, the second CMS tissue flow was
determined. Vasopressin administration was stopped at 10 min from
start. Injections of " T c O i were repeated at 10 and 40 min, and
the CMS tissue flow determinations were repeated at 13 and 42
min from start.

Fig. 2.—Cardiac output, systolic blood pressure, heart rate, and superior
mesenteric arterial blood flow before, during, and after vasopressin admin-
istration into superior mesentenc artery Mean values ± SEM. n = 9
Vasopressin dosage' 0 15 III, kg followed by infusion of 0 075 IU kg mm
for 9.5 mm.

Statistics

Eai h animal served as its own control. Student's two-tailed Mest
applied to paired data was used to calculate statistical probability,
and linear and nonlinear regression analyses (17) were also used
for evaluation of the results. A p-value less than 0.05 was regarded
as statistical significant.

Results

Vasopressin dosage. Preliminary experiments in five cats
indicated that an initial intraarterial vasopressin bolus of
0.15 lU/kg followed by 0.075 IU/kg/min was a reasonable
compromise between maximal small intestinal and minimal
systemic vasoconstriction. Higher doses regularly induced
intolerable cardiac arrhythmias without further reducing
mesenteric blood flow.

In one cat, vasopressin infusions in the dose range of
0.02 to 0.06 IU/kg/min for 7 min with 60 min intervals
between infusions reduced superior mesenteric arterial flow
by 60%-80%. However, blood flow to retroperitoneal lymph
nodes and adipose tissue was also markedly reduced (fig.
1).

Single, slow bolus injections of 0.02, 0.04, or 0.06 lU/kg
for 30 sec similarly reduced superior mesenteric arterial
flow to about 40%, 20%, and 10% of control, respectively.
However, the flow rate rose to 20%-40% of control in 5 min
if the initial vasopressin bolus was not followed by a contin-
uous infusion.

The primary experimental group of 10 cats received 0.15
lU/kg followed by a continuous infusion of 0.075 IU/kg/
min. One animal responded neither to these doses nor to

[Jf.il .aril imr2 _ kli _ il ..nrf; i-H .«£:

Fig. 3.—Tissue blood flow at 9 consecutive levels along small intestine
before (white) and 5 (black), 13 (hatch slanting down right), and 42 min
(hatch slanting down left) after initial vasopressin administration into superic
mesenteric artery. Mean values ± SEM, n = 9. Vasopressin dosage: 0.15
lU/kg followed by infusion of 0.075 IU/kg/min for 9.5 min.

injection of 20 IU Pitressin solution from another batch. This
nonresponder is therefore not included in the final data
analysis.

Systemic cardiovascular vasopressin effects. Mean sys-
tolic blood pressure rose from 182 to 192 mm Hg after 4
min of vasopressin administration (p > 0.10). Heart rate fell
from 168 to 152 beats/min after 5 min (p < 0.01) and was
still significantly reduced after 40 min. Cardiac output fell
(p < 0.005) after 5 min and was still reduced (p < 0.05)
after 40 min (fig. 2). From the values for blood pressure and
cardiac output, it can be calculated that overall systemic
vascular resistance was increased by 41% after 5 min.

Superior mesenteric arterial flow. After the vasopressin
bolus, blood flow in the superior mesenteric artery de-
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creased from a mean value of S3 m!/m;n to a minimum
value of 14 ml/min (p < 0.001). The subsequent intraarterial
infusion effectively maintained blood flow at this low level
(fig. 2). After cessation of the infusion, superior mesenteric
arterial flow slowly rose and was doubled in 24 min, but had
not regained control value after 40 min.

Small intestinal tissue blood (low. Mean mucosal blood
flow fell from 0.88 to 0.17 ml/min/g in 5 min after the start
of vasopressin administration. After cessation of the intraar-
terial vasopressin infusion, mucosal tissue blood flow slowly
rose but had not regained control values after 42 min.
Similar changes were observed in the muscularis layer (fig.
3). The pattern of tissue blood flow alterations was similar
along the entire length of the small intestine.

When mucosal blood flow determinations by the micro-
sphere distribution method were correlated to concurrent
electromagnetic determinations of blood flow in the superior
mesenteric artery, a positive correlation (p < 0.001) was
found (fig. 4).

Tissue blood flow in abdominal organs. Five minutes after
the start of vasopressin administration, hepatic arterial blood

I't I.'' •,'
'so :>oo
urt in- i- n >

Fig. 4 —Relationship between concurrent determinations of mean intes-
tinal tissue blood flow in mucosa layer (carbonized microsphere distribution)
and superior mesenteric arterial flow (electromagnetic flowmetry). Data are
collected before and 5. 13. and 42 mm after initial vasopressin administration
into superior mesenteric artery

flow increased ip < 0.01 >, and hepatic arterial flow in-
creased further after 13 min (table 1, fig. 5). In contrast,
significant tissue blood flow reductions were observed after
5 min of vasopressin administration in the spleen (p <
0.001). the sigmoid colon and rectum (p < 0.05), the pan-
creas (o < 0.01), the urinary bladder (p < 0.05), and in
retroperitoneal adipose tissue (p < 0.001) and lymph nodes
(p < 0.01). In all these organs, tissue blood flow was
reduced for the duration of vasopressin administration, and
was not completely restored 30 min after cessation of the
infusion. Thus, the duration of the vasoconstrictive effect of
vasopressin was at least as long in retroperitoneal tissues
(fig. 5, table 1) as in small intestinal vessels (fig. 3). Blood
flow in skeletal muscle did not change significantly.

Fig. 5 —Tissue blood flow (carbonized microsphere distribution) in ab-
dominal and retroperitoneal organs determined before and 5, 13. and 42 min
after initial vasopressin administration into superior mesenteric artery. In all
organs, except skeletal muscle, tissue flow at 5 mm was significantly changed
from control. Vasopressin dosage: 0.15 lU/kg followed by 0.075 IU/kg/min
for 9.5 min.

TABLE 1: Tissue Blood Flow in Extraintestinal Tissues Before and After Initial Intraarterial Mesenteric Vasopressin Administration

Orgai.

Spleen
Sigmoid colon
Pancreas
Liver
Bladder
Rectum
Retroperitoneal adipose tissuet
Retroperitoneal lymph nodest
Skeletal musclet

Tissue Blood Flo* (ml/min/g)'

Before (Control)

2.02 ± 0.27
0.75 ± 0.21
0.61 ± 0.15
0.43 ± 0.06
0.41 ± 0.10
0.35 ± 0.15
0.29 ± 0.08
0.22 ± 0.04
0.07 ± 0.03

5

0.10 ± 0.05
0.15 ± 0.04
0.06 ± 0.01
0.82 ± 0.11
0.27 ± 0.07
0.11 ± 0.03

- _ . 0.02 ± 0.01
^ ^ 0.05 ± 0.01

0.05 ± 0.01

After Vasopressin (min)

13

0.05 ± 0.02
0.18 ±0.02
0.07 ± 0.02
1.00 ± 0.20
0.21 ± 0.06
0.13 ± 0.06
0.02 ± 0.01
0.04 ± 0.01
0.03 ± 0.01

42

0.77 ± 0.14
0.29 ± 0.07
0.19 ± 0.04
0.56 ± 0.08
0.28 ± 0.08
0.21 + 0.08
0.26 ± 0.08
0.13 ± 0.03
0.07 ± 0.03

Nole —Dala are mean value ± SEM in nine cats
• Carbonized microsphere distribution
r Determined m six animals
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Fig. 6.—Mesenteric half-life (T/2) and mesenteric-cardiac transit time
(MCTT) of ''""TcO^ injected into superior mesenteric artery before, during,
and after vasopressin administration into superior mesenferic artery. Mean
values ± SEM.
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5 0
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Fig. 7.—Relationship between mean mucosal blood flow (carbonized
microsphere distribution) and mesenteric half-life (T/2) and mesenteric-car-
diac transit time (MCTT), respectively. '"'""Ted was iniected into superior
mesenteric artery and monitored by gamma camera. Exponential regression
line denoted (lower panel).

Isotope na!f-!ife (T/2} in intestinal vessels and isotope
mesenleric-cardiac transit time. The half-life of intraartenally
injected s"fr"Tc in small intestinal vessels was determined
with a gamma camera before, during, and after vasopressin
administration. The mean control value of 6.5 sec was
prolonged after 3 (p < 0.001) 10 (P < 0.05), and 40 (p <
0.002) min from the initial vasopressin administration (fig.
6). Prolongation of T/2 was repeatedly observed in the
same animal. Thus, we observed a T/2 in excess of twice
the control value 12 times. In 10 of 12 observations, such
prolongations of T/2 were associated with concurrent mu-
cosal blood flow reductions to less than 0.3 ml/min/g (one-
third of control mucosal flow). However, T/2 was not dou-
bled in four cats with mucosal flow less than one-third of
control {fig. 7). Thus, T/2 was not a reliable index of reduced
intestinal blood flow rates in our animal model. The main
reason was that background radiation over the intestinal
area accumulated after repeated injections of 99mTcO4 and
thus interfered with later determinations of intestinal radio-
activity.

The difference in radioactivity between background and
each new dose of " T c was better delineated over the
heart, and the meserteric-cardiac transit time (MCTT) was
easily determined. Mean control value of 4.8 sec was pro-
longed after 3 (p < 0.005), 10 (p < 0.005), and 40 (p <
0.001) min from the start of vasopressin administration (fig
6). We found that MCTT increased in an exponential manner
as small intestinal mucosal flow decreased. In all animals
where MCTT exceeded twice the control value, concurrent
mucosal flow was reduced to 0.3 ml/min/g or less (fig. 7).
Thus, a doubled MCTT was always associated with flow
reductions to less than one-third of control value.

Discussion

Intraarterial or intravenous vasopressin administration re-
duces blood flow in the superior mesenteric artery in several
animal species [7, 8, 18] and man [9, 14]. Although local,
intraarterial vasopressin administration may achieve a more
intense mesenteric vasoconstriction than equipotent intra-
venous doses [18], systemic cardiovascular effects result
even from intraarterial administration [13,14], and this limits
the amounts of vasopressin that may be given safely.

The intraarterial vasopressin doses used in our primary
experimental group induced ectopic beats in four of nine
animals, significantly reduced cardiac output, and influ-
enced blood pressure, heart rate, and blood flow to abdom-
inal and retroperitoneal organs, indicating considerable sys-
temic hemodynamic effects. Mesenteric arterial and tissue
blood flow were reduced by 80%-85°/o by these vasopressin
doses, but absolute minimum flow still remained at 0.15-
0.20 ml/min/g throughout the small intestinal mucosa.
Since optimal hypoxic radioprotection requires virtual an-
oxia [2], such high vasopressin doses seem necessary to
achieve sufficient small intestinal radioprotection.

Injections of smaller (0.02-0.06 lU/kg) vasopressin bol-
uses also reduced small intestinal blood flow, although the
blood flow rate recovered rapidly. Since 4-5 min of zero
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blood flow is required to achieve intestinal anoxia [19], the
flow alterations induced by bolus injections of vascpressin
probably would not result in a stable and reliable level of
hypoxia suitable for radioprotection. The intraarterial vaso-
pressin infusion, on the other hand, effectively kept mucosal
blood flow lov/ and stab.'e for 10 rnin throughout the entire
length of the small intestine.

Selective intestinal hypoxic radioprotection by vasopres-
sin requires a delicate balance between desired local and
unwanted systemic vasoconstnctive effects. Since tumor
vessels may react to vasoactive agents [20], the systemic
vasopressin effects may induce unwanted hypoxic radiopro-
tection of tumor cells. We emphasize the finding that high
intraarterial doses of vasopressin did induce considerable
small intestinal ischemia, but at the expense of systemic
cardiovascular effects and markedly reduced blood flow to
retroperitoneal tissues, a common site of metastases. Va-
sopressin infusions of 0.02-0.06 IU/kg/min elicited less
intestinal ischemia but still induced considerable vasocon-
striction in retroperitoneal tissue {fig. 1). In contrast, mi-
croembolization of the mesenteric vascular bed by starch
microspheres produces a highly selective and more severe
degree of temporary ischemia [21 ].

The existence and function of intestinal vascular shunts
are debated [22]. Our results show that vasopressin induced
proportional reductions in tissue blood flow to the muscu-
laris and mucosa layers (fig. 3). Also, since mesenteric
arterial blood flow and small intestinal tissue blood flow were
proportionally reduced, significant intraintestinal or arterio-
venous shunting probably did not occur during vasopressin
administration.

Vasopressin is reported to elicit essentially similar vaso-
constrictive responses in cats [7, 8, 23, 24] and man [7, 9,
14], and individual humans show different quantitative re-
sponses to a standardized dose of the drug [9]. At present,
no method in clinical use can instantly, simultaneously, and
separately evaluate the vasoconstriction induced in the
small intestine and in extraintestinal tumor tissue. Hence,
the controlled balance between desired local and unwanted
systemic vasoconstriction may prove difficult to achieve with
intraarterial or intravenous vasopressin in patients subjected
to radiotherapy.

Determinations of isotope half-life in intestinal vessels
enabled us to identify most animals with mean mucosal
blood flow reduced to at least one-third of control. However,
the rapid accumulation of background radioactivity made
precise repeated determinations difficult in the cat.

The mesenteric-cardiac isotope transit time (MCTT) re-
flects blood velocity through the intestinal and hepatic mi-
crocirculations. Vasopressin reduces intestinal and portal
blood flow [7, 8], and slightly decreases intrahepatic portal
resistance [25] and pressure (23]. After an initial decrease,
hepatic arterial flow increases [8], and total hepatic blood
volume is only slightly reduced [23]. Our observations seem
to confirm this pattern (figs. 2 and 3). We observed that in
all animals with MCTT in exce.- s of twice the control value,
concurrent mucosal blood flow was reduced to 0.3 ml/min/
g or less (less than one-third of control). Thus, in our animal
model, MCTT was easily determined and proved to be a

more reliable indicator of reduced blood How to the small
intestine than determinations of isotope ha!f-!ife in mescn-
teric vessels.

In conclusion, our study provides evidence that intraar-
terial vasopressin administration markedly reduces mesen-
teric blood flow. However, the degree of temporary ischemia
that can be achieved by this method seems less than optimal
for effective radioprotection of the intestine. Moreover, sys-
temic vasoccnstriction associated with intraarterial vaso-
pressin leads to flow reductions in neighbor rgans, most
importantly in retroperitoneal lymph nodes and adipose
tissue.
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