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I. INTRODUCTION
In shock, one of the major hemodynamic compensatory mechanisms is increased

peripheral resistance due to vasoconstriction,m

the distribution of which varies in
different aaxpecies.5 For instance, vasoconstriction in the small intestine of dogs is
dispropor(iouately inéreased during hemorrhagic or endqtoxin shock, and intestinal
ischemia is frequent.l’2 Conversely, intestinal ischemia itself is able to induce shock
in dogs.u’ 15 Shock ending in cardiovascular collapse is a characteristic feature of
the gastrointestinal syndrome,9 but the role of these vascular changes in the progres-
sive deterioration of the gut is not known.

The objective of this study, therefore, was to mensure the presence or absence

; bf :i'ntestinal ischemia by measuring the distribution of small intestinal capilln  hlood

.U'

flaw in the terminal phase of the gastrointestinal.syndrome (GI-8), and to test, there-
| by, fha qpplicamlity of the tagged microsphere method of study to problems of this
ty;m L |
T . MATERIALS AND METHODS

Ele'qen maie baagles, 12-14 months old and weighing 11,0 & 1, ¢ kg, were divided

into two '_gx‘oups;;: {13? flve in the sham irradiated control group and (2) 8ix in the irraci. .

}Aated group. AThe c,fogs were housed individualiy and fed food and water ad libitum until
the vxﬁgh;‘.“ b_éfbve irradiation or sham irradiation. |

- At appruxlmutely 1 hour before irradlation, the animals were placed in Luclte
rcstramlng oag:aa and transferred to the exposure room of the AFRRI-TRIGA reactor
where thay rec_mi_ve_ﬁ 1500Amds (midline tissue dose) of pulsed mixed gamma-aneutron

radiation, ' The dbg&‘@em; positioned on an {sodose exposure curve about the reactor
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core with the center line of the restraining cages 200 cm from the vertical core center
line. The AFRRI-TRIGA reactor and exposure facilities have been described else-
where.19 The midline tissue dose for each exposure was calculated as the product of
two factors: tissue kerma, free-in-air, times 0.81. The variation in tissue kerma,
free-in-air, from position to position in cach exposure group was less than 4 percent
from the mean, .Approximately 60 percent of the tissue kerma, free-in-air, was from
gamma radiations having an effective energy between 1 and 2 MeV. Approximately
10 percent was from neutrons with energies greater than 3 MeV\, 10 percent from neu-
trons with energies between 1.5 and 3 MeV, 10 percent from neutrons with encrgies
between 0.0l and 1.5 MeV, and 10 percent from slower neutrons., About 80 percent of
the dose was delivered in less than 70 msee. The method for dosimetry has been de-
lineated by Fitehford and Thorp.17

Sham i{rradiated dogs werc positioned in the reactor exposure room in the same
manner and handled, o’ter sham exposure, in the same way as irradiated dogs.

- After exposure, the dogs were returned to their cages. During the postirrvadia-

tion period, all animals were free to consume food and water ad libitum, Prior to-

the experimental procedure, food was withheld from both groups overnight (18 hours),

The Tractlonal distribution of regional capillary blood flow of the small intostine -

was determined at 72 hours postiveadiation, using a modifleation of the techn! e of

'Grmi and Llndseth.7 Anesthesia was induced by intravenous injection of 30 mg/kg pen- .

tobarbital, Foilowing a brief rest period of about 30 minutes, microspherea® taggod

with 50 #Ci of ytterbium-169, and 15 ! 5 pm i diameter, were injected through a

* 3M Company, Nucleav Products for Medieine, 8. Pavl, Minnesota
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“-the ménsurement reﬂects the actual capillary or nutrient blood flm# only.

- wore caloulated and a t-lest was performed.

catheter inserted via the femoral vein into the left ventricle. The position of the cath-
eter was verified by obtaining the ventricular pressure curve. One minute after injec-
tion, the heart was stopped by the intracardiac injection of saturated KCl. The abdomen
was opened and the whole small intestine was removed, washed through a cut along the
mesenterium and blotted on filter paper. The mucosal layer was carefully separated

from the muscularis by scraping. The small intestine was divided in three equal parts
approximating the duodenum, jejunum and ileum. Each section was weighed, cut into i
small pieces and placed into & counting tube. The samples were counted in a Nuclear-

Chicago dual channel gamma analyzer.

The fractional distribution of cardiac output (C.O.)to the different segments of the

small intestine was calculated by the following equation according to Wagner et al. :20
percent C,.0, = % x 100

- where q = intestinal cpm an;_l_.Q = total injected cpm. The microspheves used in this ' L

' study wore large enough to be trapped completely in any capillary of the small intes- - - .

tine, yet were small enough to pass throuZh any open arteriovenous shunts, Therefore .'

et o TS v

'1‘0 evnluate and confirm the radiation-induced mtestinal lnjury. the followmg

. supportivc studtes were. undurtaken. (1) regular hlstologioal secuons and (2) \Iiuom

' preparatlons of thc intestiual vasculalure.

!‘or statistica! analys!s of the data obtained the mean and stundard deviations

'  ' Canton Blo-Medloal Praducts, Boulder, Colorado
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IfI, RESULTS
At 72 hours postirradiation, the fractional distribution of cardiac output in the
small intestine of irradiated animals was greater than that in the sham irradiated con-
trols (Table I). A similar change can be seen after calculating the small intestinal
capillary blood flow according to its regional distribution; namely, inthe mucosa and

in the muscularis layers. !

Table I, Percent Distribution of Cardiac Output !
in Small Intestine of Dog ;

Percent distribution of cardiac output

ssues
Tissue Control 72 hours p
sham irradiated | postirradiation | value
Mucosa 1,92 0,51 3.64 £ 1,52 < 0,05
Small intestine + *
without mucosa 2,26 < 0.6 3.40 < 0,65 <0.05
Total 418t1,00 | e.4t2.01 | <0.05

small intestine |

“The mucosal layer of the small intestine was considerably decreased in weight

| s a ;‘oéult of bﬁth collular déstr’uctlo_n and-mas_siyé water loss. In contrast, a sméll
- 'docrcase‘w:is méa.é'urcd in 'thé-.t‘ 'scula'rxs- (‘l‘ame v!!)'. Hlstologlcval”sccuoﬁsr conflrmed |
x imueosal cell dcs&rucuun. Dosplte the op!thellal wil destruction, the vulous caplllm'y
| nctwurk stm appom‘ed to be mtuct amd ccmunuous. using the tochnlque of perfusod
' | Microtu (Figuve 1). '.l’horc was no cvidexwe_ of oaplllary ruptum and oxwavnsnuon of -
fthv plastlc materlal. ()nly a few smnll areas of thc villous cz\pmary network wery not

o ﬁllcd complctely due to plug formation and/or uctual cnpmnry dostrncuon. E




Table 11, Weight Changes Induced by 1500 Rads Whole-Body Gamma-
Neutron Radiation at 72 Hours Postirradiation

Sham irradiated Irradiated
value

Initial 11,64 0,72 11,72t 1,40] >0.1
Body weight (kg)
Iinal 11.55 ¢ 0.46 10.42% 1.43( >0.1

Mucosal part of

. . 96.33 £ 10.68 26,73 L 9.65( 0,00t
small intestine (g)

Muscularis part of

X . 173.88 £ 13.36 151.82 ¥ 11,57 >0.05
small intestine (g)

Figure 1o Miceofil cust of the intestinal vaseular bed showing a
eross section of an eeadiated dog’s flewm at 72 hours
postiveadiation. Note the luek of Tilling in the vilti cup-
taries withoat exteaenetion of the plastic material,
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The ratio of the weight of the mucosal layer tc total intestinal weight in the duo-
denum, jejunum, and ileum was 12.67, 15.46, and 16.11 percent at 72 hours postirra-
diation in contrast to 35,35, 33.92, and 36.67 percent in the sham irradiated controls
(Table III). The corresponding regional distribution of the mucosal capillary blood
flow (calculated in percéntagé of the total capillary blood flow in a particular segment) !

did not show any significant alteration after radiation injury (Table III). Despite the

Table III. Percent Distribution of Mucosal Weight and Capillary Blood Flow in Differ-
ent Segments of Small Intestine of Dog at 72 Hours Postirradiation

Percent mucosal weight and capillary blood
flow (CBF) of an intestinal segment p
value
Sham irradiated Irradiated
weight |. 35.36¢ 3,16 13.67t 3.71 <0.001 "
Duodenum .
CBF - 50,25+ 7,89 | 49.62%10.72 . >0.1
woight | 83,92+ 5,48 | 16,46 448 | <001
Jejunum I D ' .
CBF - 36, 25 *+11.26 §60.68 £12.01 >0.1
© welght | 36.67% 1.00 1611t 6,03 | >0.000]
Nleum . ' S : . T
CBE‘_ : 44,02 6,73 43,52+ Hh.81 »0.1

- remarkable decrease of:the _mu?msai mass of the small intestine, the blood flow of the
mucosal ,ixnd muSculx;ﬂs layers of the duodenum, je juﬁum’ and {leum In the irradiated

.4dogs exhibited the sani_ia_;it'oportlonu! blood flow distribution as in the sham trradiated.

- controls. This s a reflection of the relative hyperemia of the mucosal part of the
small inté_st_lne during the f_term'inalr phziée _of the GI-8, |
| . IV, DISCUSSION

‘One of the predominant pathological alteraﬁons during the 4-day peviod of the

GI-8 is the steuctural .broakcbwn of the small lnws’tlnc.u’“ 18

It was generally aceepted

6
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until recently that the denudation of the intestinal epithelium leads directly to a loss of
fluid and electrolytes. This concept was challenged by Lusr,hbaugh14 who stated that
"Intestinal mucosal loss would seem to havs little relation to tha underlying lesion
which must be located in the vascular system." Indeed, radiation-induced morpholog-
ical and functional blood vessel alterations have been obs¢ rved sbout the 3rd day post-

3

irradiation. However, during the first 2 days postirradiation, hemodynamic

homeostasis is remarkably WGH maintained,
Circulatory deterioration begins ubout the 3rd day postirradiation and ends in

3,14

circulatory collapse. Hemodynamic alterations of the terminal phase of the GI

radiation injury resemble thosé of severe hemorvhagic shoek. A docreasing bam#

rece;itor stimulation causes incxf'e_ased sympaihetio aét’iyity to bdth heart and sys'ﬁemic |

- vi‘r’csist_ar\_ce ves_sels. resulting in. improved Oard;a_e ontpﬁt and syété@i_é bl;)b'd-px.*eséut"e '

by périphera! vaSoooustrlé i'on.m ﬁte nxag:iitude.‘and diétribﬁt'iou- of the pééipheml o

, reslstance In shaak is characterlstle of the- pamlcular speeies. It ls kn@wn that, in the N .

; '  -_dog. a dlsproportionately increasm small !ntesuml vasoconstricticn may be mam— :

- _fested} 3 2 This eompeusato:‘y hemodyunmie reg\xlatlon might play a mle inthe viei@us' L
: cvcla of shock because intestiual lschemia itsell‘ ean lead to- eirwhtm‘y e@llapse.q -K'

."' 7"7was previously repoﬂed that at ?2 hours postirradtat(on, nmier th@ same euperimomal o
- condition as deseribcﬂ here, the cardiac output was deereased nhout 40 perczmt below

~ the control. nonirradlaled vnhws.m Howe\mr. sinee fna cnmpeusatory manner m@

S

- total 'poriplwml mstst"mce -mercascd-, the woan bkmd pressure venmim:d txz‘tste«x!ly
'umltcmd. Whether the pmgrossivcly increased periphm‘nl v.xsoconstriction mtlocwd |

a dispmporuunnwly increased intestinal :*osist:mce s!mil.xr lo tlul in oﬂwr shod.

[CUIN

RS AL AP ATt e 2




states is a question that remains unanswered. It should be emphasized that such in-
creased vasoconstriction would be detrimental to the high nutritional requirements of
the intestinal mucosa at 72 hours postirradiation8 which requires adequate capillary
blood flow for regeneration.

. 'The Microfil technique indicates virtual continuity of the capillary network at
72 hours postirradiation. Therefore.. the applied microsphere technique is a bettér
indicator of capil_lary blood flow than the gtilization of the SBRb extraction t.echniqua6
due to ﬁhe possible l‘adiation-induced inereased capillary permeability.

'Ihv microspheres (169 um in diameter) that wore used in this study weve lavge

“enough to be trapped icompietely in tha intest.izml eapil!aries. yct _small enough to-pass _

thx‘ough any artericvenaus shunt. 'I‘hus. tlm method descrihed should: giw an acourate

- estimute of the :‘e}auw capillal'v blood ﬂo\c lf Lhe follow:ug pilfalls are avnidacr' o

L (1) tms of micmsph@res fx‘om some impaired capit!aries inte th@ tunien or tlm peri~ - '

_ vawuiar spaw :md (‘?) :-ecx mulauon if radiatioa Smpa!rs the hmg micmsplwm-x rappmg |

o ’capacitv. 7 lu this study. thesa orrm's were ruled out in the follc)wmg wmh tiw lumem

waslmut ;md l,_w aﬂqﬂgl bl_c’md dm not show_ mdicactivity, and tlww Was to @vm@_{we
'lzfd';f g&imvzw:—it;oﬁ Mmicmspherés -by ﬁﬂémscopic vx:iminiuioai; | . o
o Cardiac outpu! was not. measuwd in this sm(tv ﬁms the micmsplwrv techuiquc :
pormitted emly uw muasuremem of the rciauw mummmi mvillm‘y blood fiow. ‘l”!w )

| dma show m.u the retnnw: uapﬂhry blood flow of um small mlestitw at ‘3 lw\ws pust- '
"ir.nfmimuanwas higher, compared with the 'cnmr_ol mhws; Even if we take into aceount
uw cansidemhly'lnrge docmusc of cardiae imtput us measured in a pﬁsvious study

under identical experituental c:)uuukms, it appedars that the intestinal capillacy blood



ilow was not significantly altered in the terminal phase of the GI-S. In addition, de-
spite significant intestinal weight loss, the ratio of mucosal to muscularis capillary

blood flow was unchanged. However, although mucosal biood flow does nct decrease
as much .s cardiac output, nc statement can be made as to the adequacy of the blood
i supply. Nevertheless, it has been clearly demonstrated that this method of studying
blood supply changes is applicable to the problem of determining the vascular factors

in postirradiation pathophysiology.

At ey 1t oA S | WL A b hg PO 20 Y s S hd 0 e i




A AIE Tl A =T

REFERENCES

1. Abel, F. L. and Murphy, Q. R. Mesenteric, renal, and iliac vascular resistance
in dogs after hemorrhage. Am. J. Physiot. 262:978-980, 1962.

2. Brobmann, G. F., Ulano, H. B., Hinshaw, L. B. and Jacobson, E. D. Mescn-
teric vascular responses to endotoxin in the monkey and dog. Am. J. Physiol.
219:1464-1467, 12790,

3. Chien, 8., Lukin, L., Holt, A. P., Cherry, S. H., Root, W. S. and Gregersen, M. ! |
The effect of total-body X-irradiation on the circulation of splenectomized dogs. 3
Radiation Res. 7:277-287, 1957. j

4. Eddy, H. A. and Casarett, G. W. Intestinal vascular changes in the acute radi-
ation intestinal syndrome. In: Gastrointestinal Radiation Injury, Sullivan, M. F,,
editor, pp. 385-395, Amsterdam, Netherlands, Excerpta Medica Foundation,
1968.

5. Fine, J. Shock and peripheral circulatory insufficiency. In: Handbook of Physi-
ology, Section 2: Circulation, Vol.IIl, pp. 2087-2069. Washington, D. C.,
American Physiological Society, 1945.

6. Friedman, J.Jd. Muscle blood flow and 86Rb extraction: 86Rb as a capillary flow
indicator. Am. J. Physiol. 214:488-493, 1968.

7. Grim, E. and Lindseth, E. O. Measurement of .regional blood flow in dog intes-
tine, Circulation 18:728 (Abstract), 1958,

8. Hager, E. B, Ferrebee, J. W, and Thomas, E. D. Damage and repair of the
gastrointestinal tract after sipralethal radiation. Radiobiol. Radiother. (Berlin)
4:1-11, 1963,

9. Handford, S. W. The acute radiation syndrome in dogs after tot~1-body exposure
to a supralethal dose of ionizing radiation (0060 LDy 49 /an hours)* Radiation
Res. 13:712~725, 1960.

10. Hershey, S. G. Dynamics of peripheral vascular collapse in shock. In: Shock,
Hershey, 8. G., editor, pp. 27-42. Boston, Little, Brown and Company, 1964.
L. Anesthesiol. Clin. 2:1856-200, 1964.

11. Jackson, B. B, Oocclusion of the superior mesenteric artery. Springfiold, Nli-
nois, Charles C, Thomas, 1963.

10




T S T T O D P L T A g I R T T 1 P Y R R R Eg W

12.

13.

14,

16.

17,

18,

19,

20,

Kabal, J., Baum, 8. J. and Parkhurst, L. J. Canine cardiovascular homeostasis
in the gastiointestinal radiation syndrome. Bethesda, Maryland, Armed Forces
Radiobiology Research Institute Scientific Report SR72-4, 1972.

Kahal, J., Baum, S. J. and Parkhurst, L. J. Canine intestinal vasoactivity dur-
ing the development of the gastrointestinal radiation syndrome. Radiation Res.
50:528-538, 1972,

Lushbaugh, C. C. Theoretical and practical aspects of models explaining "gastro-
intestinal death" and other lethal radiation syndromes. - In: Comparative Cellu-
lar and Species Radiosensitivity, Bond, V. P, and Sugahara, 7T., editors,
pp. 288-297., Tokyo, Igaku Shoin Ltd., 1969,

- Milliken, J., Nahor, A. and Fine, J. A study of the factors involved in the de-

velopment of peripheral vascular collapse following release of the occluded
superior mesenteric artery. Brit. J. Surg. 52:699-704, 1965.

Osborne, J. W. Prevention of intestinal radiation death by removal of the irradi-
ated intestine. Radiation Res, 4:541-546, 1956,

Pitchford, T. L. and Thorp, J. W. The acute mortality response of beagles to
pulsed, mixed gamma-neutron radiations. Bethesda, Maryland, Armecd Forces
Radiobiology Research Institute Scientific Report SR68-15, 1968.

Quastler, H. The nature of intestinal radiation death. Radiation Res. 4:303~320,
1956,

Seigneur, L. J. and Brennan, J. T. Incapacitation in the monkey (Macaca mulatta)
following exposure to a pulse of reactor radiations., Bethesda, Maryland,
Armed Forces Radiobiology Research Institute Scientific Report SR66-2, 1966,

Wagner, H. N., Jr., Rhodes, B. A., Sasaki, Y. and Ryan, J. P. Studies of the
circulation with radioactive microspheres. Invest. Radiol. 4:374-386, 1969.

11

Rt Vot

WO L RUNPYC PISRVRTI




