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Abstract-Tumour blood ,$ox~ was estimated by fractional distribution of rubidium in tzo 
allografts (B16 melanoma and Lere,is lung tumour) and two xeno<grafts (Glioma 522, a human 
grade IV astrocytoma and Mel-no, a human melanoma), in order to investigate the irzpuence of 
certain tumour characteristics on tumourperfusion. 

In allfour tumours perfusion decreased with increase in tumour weight. The rubidium extraction 
in *Mel-mo was markedly lower than that of the other three turnours; this tumour was the most 
necrotic. Necrosis was patchy in Glioma 522 and Mel-mo, but predominant!v central in B16 and 
Lewi.c lung tumour. Horcwer, all tumour nodules examined showed a similar pattern of rubidium 
extraction: high at the rim with a rapidfall towards the centre. It abpeared that while overall blood 

Jlou’ may be related to the extent of necrosis, bloodjouou distribution within tumour nodules did not 
rorrelate close()) its pattern. 

INTRODUCTION 
THE DISTRIBUTION of blood flow within tumours is 
of great relevance to cancer treatment: if drugs are 
unable to reach viable cells within tumours by 
passive diffusion from vascular capillaries, then cure 
of the tumour by chemotherapy would seem to be 
an unattainable goal. As Dcnekamp has remarked 
[ 11. if blood flow within tumours is inadequate to 
achieve therapeutic drug levels, then alternative 
delivery systems or different approaches to therapy 
would seem to be necessary. 

Blood flow has been assessed both in expcrimen- 
tal and in human tumours by means of dye dilution 
techniques [2, 31, by use of a wide variety of 
radiolabclled tracers [4-6] and by several physical 
methods [7-lo]. Results obtained by the use of 
these various techniques have been contradictory 
more often than complementary. 

Similarly, several workers have investigated the 
distribution of blood flow within tumours by dye 
uptake [l l-131 or by using radiolabelled com- 
pounds and they too have obtained conflicting 
results. Some authors have failed to find any vari- 
ation in blood flow within tumours [14], while 
others have demonstrated blood flow to bc less 
within the crntrc of tumours than at the periphery 
[3, 8, 151. 

The aim of this study was to examine whether 
total tumour blood flow varies with tumour type, 
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weight or extent of necrosis and also to examine the 
distribution of blood within transplantable murine 
and xenograftcd human tumours, using the tech- 
nique of fractional distribution of rubidium. 

METHODS 
Cells (2 X 10”) of B16 or Lewis lung tumour, 

Glioma 522 (a human grade IV astrocytoma) or 
Mel-mo (a human melanoma), were injected sub- 
cutaneously into the flanks of adult female C57 
Black (B16 and Lewis lung tumour) or immune 
deprived [ 161 male CBA/Ca mice (Glioma 522 and 
Mel-mo). Subsequently, tumours wcrc passaged 
when they were approximately 1 cm in diameter. 
Tumours were used in these experiments bctwccn 
second and fourth passages and at a variable time 
after implantation in order to study blood flow 
characteristics over a range of tumour sizes. 

Tumour blood flow was determined by fractional 
distribution of rubidium [ 17, 181. Each animal was 
injected via a lateral tail vein with 0.1 ml/IO g body 
weight of a rubidium chloride solution 1 mCi/ml 
(Amersham International), which had been diluted 
with phosphate buffered saline to an activity of 
approximately 20 &S/ml. After 45 s, the animal 
received a lethal dose of 0.25 ml cold saturated 
potassium chloride solution intravenously. The 
mice were dissected and the tumours and organs 
blotted free ofblood and weighed. Weighed samples 
of skin and of liver were taken and the other organs 
were divided into smaller portions whcrc necessary 
so that they could be placed in small polycarbonate 
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vials. The entire mouse along with aliquots of blood 
and of the diluted rubidium solution, as well as 
‘blanks’ (empty polycarbonate vials) to monitor 
background activity, were counted in a calibrated 
Hewlett-Packard Auto-gamma spectromctcr. The 
blood flow through each organ and tumour, ex- 
pressed as percentage distribution ofcardiac output 
per gram of tissue (%FDFCO/g), was calculated 
from organ weights and counts, using a microcom- 
puter, based upon the equation: counts per minute 
(sample) X lOO/ counts per minute (injected dose) 
X sample weight. %FDCO/g was used as an csti- 
mate of blood flow, since the cardiac output of the 
mouse cannot easily and accurately be measured, 
precluding the calculation of blood flow in absolute 
units [7, 191. 

In order to study blood flow distribution, after 
weighing the whole tumour, the central strip of the 
equatorial slice was divided into segments, each 
of which was counted separately [ 151. In these 
experiments, counts per gram of tissue were calcu- 
lated and expressed as a percentage of the greatest 
value obtained in that tumour. This allowed com- 
parison of tumours of differing weight and type. 

Percentage tumour necrosis was estimated using 
the technique of point counting [20]. A series of 
B16 and Mel-mo tumours wcrc weighed and an 
equatorial slice, which was taken to bc rcpresenta- 
tive of the tumour as a whole [21], was fixed 
in buffered form01 saline, processed and sections 
stained with haematoxylin and eosin. Sections were 
examined at X200 magnification using a 25 point 
random array graticule; the number ofcoincidences 
with areas of tumour necrosis were recorded and 
the percentage necrosis calculated: pcrccntage 
necrosis = coincidences/point counted X 100%. 
The relative standard error was given by the for- 
mula: RSE = d/(1 - p)ld/n, where p is the prob- 
ability of hitting an area of necrosis and n is the 
number of coincidences. Thus, in order to obtain a 
relative standard error in the order of 5% with a 
percentage tumour necrosis of approximately lo%, 
3600 points or 150 high power fields must be 
counted [22]. In these experiments, 200 high power 
fields were examined in each tumour. 

RESULTS 
In all four tumours studied, blood flow (%FDCO/ 

g) decreased as tumours increased in size. In each 
instance there was a log-linear relationship between 
tumour weight (mg) and blood flow with a high 
coefficient of correlation (Fig. 1). 

Over the size range of tumours studied blood flow 
was much lower in Mel-mo tumours than in 816, 
Lewis lung tumour or Glioma 522, which all had a 
similar blood flow comparing tumours of equivalent 
weight. 

However, in all four tumour lines blood flow 
distribution within individual tumour nodules was 
similar, diminishing away from the edge of the 
tumour towards the ccntre (Fig. 2). At the centre of 
tumours, rubidium uptake was as low as 25% (or 
less in very large tumours) of that at the periphery. 
This pattern ofcentral decrease in isotope extraction 
was seen in each tumour studied, from the smallest 
(82 mg) to the largest (4522 mg), although the 
difference was most marked in the largest nodules. 

Percentage tumour necrosis was estimated for a 
series of B16 tumours which weighed between 80 
and 3612 mg and for Mel-mo tumours weighing 
between 37 and 2050 mg. Tumour necrosis was 
greater in Mel-mo than in B16 tumours of similar 
weight; in both tumours percentage necrosis 
increased in a linear fashion with the logarithm of 
tumour weight (Fig. 3). In Mel-mo necrosis was 
distributed throughout the nodules and sometimes 
involved the tumour periphery; Glioma 522 also 
exhibited patchy necrosis, but this appeared less 
severe than in Mel-mo and did not involve the 
tumour periphery. Necrosis was predominantly 
centrally located within B16 and Lewis lung tumour 
nodules which, with Glioma 522, all possessed a 
viable rim of tissue. 

DISCUSSION 
Tumours elicit an angiogenic response from the 

surrounding tissues [23] and may invade along the 
framework afforded by these new vessels [24, 251. 
Thus the peripheral zones of tumours are likely to 
be well vascularized. However, a proportion of the 
capillary network within a tumour may not be in 
functional continuity with the general circulation 
[26] and under some circumstances may undergo 
regression [27] giving rise to a perfusion difference 
between the outer edge and the interior of tumours. 
Tumour blood flow has been investigated by several 
groups of workers, but there has been no overall 
agreement concerning the variation in blood flow 
with tumour characteristics such as weight [4, 71, 
site of tumour, or histology [ 7, 131; the relationship 
between blood Aow and necrosis has not been 
previously examined. Little has been published 
concerning blood flow distribution within tumours 
and there is little agreement between those working 
in the field. Kjartansson [ 141, using fractional distri- 
bution of rubidium, failed to find any variability 
in blood flow within methylcholanthrene-induced 
tumours in the rat; whereas Rogers [ 131, Edlich 
and Tookenay [28] and Davidson el al. [ 151 did find 
heterogeneity of rubidium uptake within hamster 
tumours and VX2 carcinomas in the rabbit, respect- 
ively. 

In the experiments reported in this paper, 
blood flow per unit weight decreased as tumours 
increased in size and within each tumour blood Aow 
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Fig. 1. Semilqarithmic plots of tumour bloodjlow (%FDCO/g) against tumour weight (mg): a. B16 (coefjcient of correlation 
= -0.85; P < O.OOl), b. Lewis lung tumour (coe@ient of correlation = -0.88; P < O.OOl), c. Glioma 522 (coeficient of 

correlation = -0.75; P = 0.005), d. Mel-mo (coeficient ofcorrelation = -0.77; I’ < 0.001). 
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Fig. 2. Line diagrams representing ‘“Rb uptake within tumour nodules: a. B16; b. Lewis lung tumour; c. Mel-mo; 
d. Glioma 522. E = edge of tumour nodule; C = centre of nodule. 
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diminished from the periphery towards the centre 
of the nodule, which would seem to imply that 
these experimental tumours are well perfused only at 
the periphery and the remainder is under perfused. 
Percentage tumour necrosis increased with the log- 
arithm of tumour weight while blood flow 
(%FDCO/g) decreased. Thus, it may be inferred 
that there was an inverse relationship between 
tumour necrosis and blood flow as measured by 
fractional distribution of rubidium (said to reflect 
the size of the functioning capillary bed [ 171). This 
inverse relationship between the functioning 
tumour capillaries and extent of necrosis has been 
supported by results obtained using intravital stain- 
ing techniques [29]. The functioning capillary net- 
works of B16 and Mel-mo tumours have been 

studied using the fluorescent dye H33342; pcrccnt- 
age vascular volume decreased with the logarithm 
of tumour weight while percentage tumour necrosis 
increased, supporting the validity of the tcchniquc 
of fractional distribution of rubidium as a means of 
assessing the sizr of the functioning capillary bed. 

Blood flow as measured by rubidium extraction 

decreased from the edge towards the ccntre of 
nodules both in tumours with central necrosis (B 16 
and Lewis lung tumours) and in those with patchy 
necrosis throughout the nodule (Glioma and Mel- 
mo). The same pattern of rubidium extraction was 
seen in tumours of all sizes, many of which showed 
no histological evidence of necrosis. In Mel-mo, 
which exhibited the lowest blood flow, necrosis 
included the edge of the tumour, an apparently 
well-Lrascularizcd zone, whereas B 16, Lewis lung 
and Glioma 522 all included a viable rim. Thus, 
the rrlationships between perfusion and necrosis 
arc not clear-cut. These results may imply that, 
whilst pcrccntagc necrosis is related to overall blood 
flow, other factors influcncc the its distribution 
within a tumour. Using H33342 it could bc SCCII 

that more vcsscls were prrsent at the pcriphcry of 
nodules than in central zones [29]. Complrmcntary 
rrsults 1laL.c been obtained previously using various 
dyes to qualitatively cxaminc blood flow distri- 

bution 13, 121. 
The cxistcncc of perfusion gradients within small 

tumours without obvious necrosis may indicate that 
chemotherapeutic agents arc unlikely to produce 
complete remission ofsolid tumours cvcn at an early 
stage in their devclopmcnt, unless the tumour cells 
arc particularly sensitive to the administcrcd drugs. 
Surgical removal of macroscopic tumours may aid 
the action ofchcmotherapcutic drugs both by rcduc- 
ing the volume of tumour through which the agents 
must diffuse and secondly by inducing angiogenesis 
in and around remaining tumour which ma)’ lead 
to incrcascd drug delivery (angiogencsis may also 
result in incrcascd tumour growth bcforc the drugs 
can bc administered for fear of interfering with 
wound healing). 

It has been suggested that chcmotherapcutic 
drugs may owe part of their cffcct to damage of 
endothclial cells with subsequent nrcrosis oftumour 
supplied by the damaged vessels, but this has not 
yet been confirmed in an experimental or clinical 
situation. 

In conclusion, it would seem that treatment stra- 
tcgics which rely upon diffusion of drugs to tumour 
cells arc unlikely to be successful alone and that 
alternative strategies are likely to be more reward- 
ing, for example targeting chemotherapy to tumour 
blood \~sscls. 

REFERENCES 
1. Denekamp J. \‘asculature as a target for tumour therapy. Prog ;lp@ .\lirrocirt 1984. 4. 

28-38. 
2. Goldacre RJ, Syl\ren B. A rapid method for stud! ing tumour blood supply using systcamic 

dyes. lliature 1959, 184, 63-64. 



1688 M. E. Fallowjeld 

3. Rowe-Jones DC. The penetration of cytotoxins into malignant turnours. Br J Cancer 1968, 
22, 155-162. 

4. Cataland S, Cohen C, Sapirstein LA. Relationship between size and perfusion rate of 
transplanted tumors. J Nat1 Cancer Inst 1962, 29, 389-394. 

5. Buckberg GD, Luck JC, Payne B, Hoffman JIE, Archie JP, Fixler DC. Some sources of 
error in measuring regional blood flow with radioactive microspheres. J Appl Physiol 1971, 
3 1, 598-604. 

6. Stewart F, Begg A. Blood flow changes in transplantable mouse tumours and skin after 
mild hyperthermia. Br J Radio1 1983, 56, 477-482. 

7. Gullino PM, Grantham FH. Studies on the exchange of lluids between host and tumor, 
II. The blood flow of hepatomas and other tumors in rats and mice. J Nat1 Cancer fnst 
1961, 27, 1465-1491. 

8. Straw JA, Hart MM, Klubes P, Zaharko DS, Dedrick RL. Distribution of anti-cancer 
agents m spontaneous animal tumors. Regional blood flow and methotrexate distribution 
in canine lymphosarcoma. J Nat1 Cancer Inst 1974, 52, 1327-1331. 

9. Young W. Hz clearance measurement of blood llow: a review of technique and polographic 
principles. Stroke 1980, 11, 552-564. 

10. Olch AJ, Kaiser LR, Silberman AW, Storm FG, Graham LS, Norton DL. Blood flow in 
human tumors during hyperthermia: demonstration of vasoregulation and an applicable 
physiological model. J Surg Oncol 1983, 23, 125-132. 

11. Owen LN. A rapid method for studying tumour blood supply using lissamine green. Nature 
1980, 187, 795-796. 

12. Goldacre RJ, Sylven B. On the access of blood-borne dyes to various tumour regions. Br J 
Cancer 1962, XVI, 306-322. 

13. Rogers W. Tissue blood llow in transplantable tumors of the mouse and hamster. Diss Abs 
Int B 1967, 28, 5185. 

14. Kjartansson I. An experimental study in the rat with a comparison of different methods 
for estimation of tumour blood llow. Arta Chir Stand Suppl 1976, 47 1. 

15. Davidson TI, Fallowfield M, Wallace J. Ricin distribution in a perfused animal tumour 
model. J Exp Clin Cancer Res 1987, 6, 85-90. 

16. Davies AJS, Leuchars E, Wallis V, Koller PC. The mitotic response of thymus-derived 
cells to antigenic stimulus. Transplantation 1966, 4, 438-451. 

17. Sapirstein LA. Regional blood flow by fractional distribution of indicators. /bn J Physiol 
1958, 193, 161-168. 

18. Zanelli GD, Fowler JF. The measurement of blood perfusion in experimental tumors by 
uptake of Rb. Cancer Res 1974, 34, 1451-1456. 

19. Wetterlin S, Aronsen KF, Bjorkman I, Ahlgren I. Studies on methods for determination 
of the distribution of cardiac output in the mouse. ScandJ Clin Lab Invest 1977,37,45l-454. 

20. Chalkley HW. Method for the quantitative morphologic analysis of tissues. J Nat/ Cancer 
Inst 1943, 4, 47-53. 

21. Vogel AW. Intratumoral vascular changes with increased size of a mammary adenocarci- 
noma: new method and results. J Nat1 Cancer Inst 1965, 34, 571-578. 

22. Hally AD. A counting method for measuring the volumes of tissue components in 
microscopical sections. Quart J Mirr Sci 1964, 105, 503-517. 

23. Folkman J. Tumor angiogenesis: therapeutic implications. Nere, England J Med 1971, 285, 
1182-1186. 

24. Nicosia RF, Tchao R, Leighton J. Angiogenesis-dependent tumor spread in reinforced clot 
culture. Cancer Res 1983, 43, 2159-2166. 

25. Thompson WD, Shiach KJ, Fraser RR, McIntosh LC, Simpson JG. Tumours acquire 
their vasculature by vessel incorporation, not vessel ingrowth. J Path01 1987, 151, 323-332. 

26. Tannock IF, Steel GG. Quantitative techniques for study of the anatomy and function of 
small blood vessels in tumors. J Nat1 Cancer Inst 1969, 42, 771-782. 

27. Rubin P, Casarett G. Microcirculation of tumours Pt I: Anatomy, function and necrosis. 
Clin Radio1 1966, 17, 22&229. 

28. Edlich RF, Tookenay V. Tumor blood llow and its distribution. Arch Surg 1969, 98, 
111-114. 

29. FallowGeld ME. Vascular volume in B16 allografts and human melanoma xenografts 
estimated by means of Hoechst 33342. J Path01 1988, 157, 249-252. 


