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Magnetic Resonance Studies1

Paul Okunieff,2 Stephan Dois,3 Junhee Lee,3 Samuel Singer,4 Peter Vaupel,5 Leo J. Neuringer,4 and Kebede Beshah4

Edwin L. Steele Laboratory, Department of Radiation Oncology, Massachusetts Cenerai Hospital, Harvard Medical School, Boston, Massachusetts 02114

ABSTRACT

Experimental tumors growing in irradiated tissue have been used to
study the biological differences characteristic of locally recurrent tumors.
Since the hypoxic cell fraction of tumors growing in irradiated tissue is
increased and growth rate is slowed, these tumors are assumed to be
metabolically deprived with hypoperfusion. In this study, we directly
measured the effect of tumor bed irradiation on blood flow, growth rate,
rate of nucleoside triphosphate (NTP) turnover, and metabolic state using
"1" and ;ll nuclear magnetic resonance, and an intradermal assay for
angiogenesis. (NTP turnover refers to ATP-synthetase mediated NTP
turnover that is visible to "!' nuclear magnetic resonance using the

technique of saturation transfer.) A decrease in the number of small blood
vessels perfusing tumors in a preirradiated bed was found. Most of the
decrease was due to a loss of vessels with diameters less than 0.04 mm.
When tumors growing in preirradiated tissue reached =100 nini' in

volume, a high frequency of gross and microscopic necrosis and hemor
rhage was already observed in most tumors. Consistent with these obser
vations, the phosphocreatine/inorganic phosphate and nucleoside tri-
phosphate/inorganic phosphate ratios were significantly lower in the
tumors growing in a preirradiated bed compared with tumors in a nonir-
radiated bed. The blood flow rate was similar to control for tumors less
than 100 mm' (45.8 versus 40.5 ml/100 g/min, P = not significant), but
was significantly lower than control for tumors greater than 100 mm*

(40.4 versus 12.2 ml/100 g/min, P < 0.01). The NTP turnover rates
correlated (/' < 0.005, r = 0.66) with the volume doubling rate (I/tumor
volume doubling time), but for tumors =100 mm1 in size neither the

volume doubling rate nor the NTP turnover rate of tumors growing in an
irradiated bed was statistically lower than control [NTP turnover: 14 Â±
3%/s versus 9 Â±2%/s; volume doubling rate: 0.47 Â±0.07/day versus 0.33
Â±0.04/day (mean Â±SI. )|. A large intertumor variability of all metabolic
parameters was observed.

INTRODUCTION

Treatment of tumors regrowing after unsuccessful radiation
therapy is a difficult and challenging problem. In an attempt to
better understand the characteristics of such tumors, animal
tumor models have been devised, and several interesting find
ings have been identified (1-12). Tumors growing in irradiated
tissue frequently have a reduced growth rate (1-3, 6, 9, 11-13).
They are less sensitive to radiation therapy (7, 10, 13) and to
cyclophosphamide chemotherapy (2). They have a higher frac
tion of cells that are radiobiologically hypoxic (7, 10) and are
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thought to have a more hostile and acidic micromilieu. These
alterations in tumor phenotype have been termed the TBE.6

The severity of tumor bed effect is highly variable between
different tumor lines (5) and is thought to be at least in part
explained by variations in quantity and quality of vascular
neogenesis.

To date, the physiological and metabolic characteristics of
tumors growing in an irradiated bed have only been measured
indirectly or using highly invasive techniques. Since the treat
ment of tumors with altered metabolic states has been signifi
cantly improved in recent years, it is becoming increasingly
important to directly measure the characteristics of the tumor
micromilieu. To better understand the mechanism of TBE, we
have therefore made quantitative measurements of the effect of
bed irradiation on FSa-II tumor angiogenesis and compared
this with noninvasively measured blood flow, metabolic state
and rate, and tumor growth rate.

MATERIALS AND METHODS

Animals and Tumors. Experimental animals were C3Hf/Sed mice or
nu/nu mice derived from our defined flora mouse colony (14). Animals
were provided with sterilized animal pellets and acidified, vitamin K-
fortified water ad libitum. A poorly differentiated fibrosarcoma (FSa-
II) transplanted as a single cell suspension (5 x IO5 cells in 5 ^1) was

inoculated s.c. into the dorsum of the hind foot of C3H mice or the
flank dermis of nu/nu mice. Test C3H animals received a radiation
dose of 16 Gy to the right hind foot. Radiation of the hind foot was
given in a single fraction 1 week before tumor inoculation using a ' "Cs

irradiati >rdesigned to treat small animals (IS). For angiogenesis studies,
radiation was delivered to the flank of nu/nu mice using a similar setup
to that used for the C3H animals, but tumors were inoculated 4 h after
irradiation. The delay between irradiation and tumor implantation was
shortened to prevent possible overlapping effects of bowel irradiation
(which could not be avoided in this assay). Tumor volumes were
calculated by an ellipsoid approximation using the 3 orthogonal diam
eters d\, rf:. and d, (V = \x/6]d, x d: x </,). Tumor water content was
determined for these tumors by weight before and after desiccation.
The water space of tumors was slightly higher than that of most normal
tissues [80.5 Â±0.04 weight % (n = 9)].

Measurement of Angiogenesis Using the Intradermal Method. The
degree of angiogenesis possible in a preirradiated tumor bed was deter
mined using an intradermal angiogenesis assay (16-18); nu/nu mice
were either sham-treated or were given 6, 11. or 16 Gy 4 h before
inoculation of each flank dermis with 5x10* viable tumor cells in 5-

p\ volumes. Four days later, the animals were anesthetized with 50 to
80 mg/kg body weight pentobarbital i.p. as needed, and the flank skin
was laterally reflected. After visual inspection for number of newly
formed vessels and tumor volume, low grain photographic slides were
taken (at xl to x2) with superimposed calibration. These slides were
then enlarged on a screen to approximately x50 to xlOO, and the
number of blood vessels (and their individual diameters) invading the
tumor were again tabulated. The total cross-sectional area available to
supply the tumor was then calculated assuming vessels are cylindrical.

6 The abbreviations used are: TBE. tumor bed effect; NMR. nuclear magnetic

resonance; PCr. phosphocreatine: PÂ¡.inorganic phosphate: NTP. nucleoside
triphosphate.
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TUMOR ANGIOGENESIS. BLOOD FLOW, AND METABOLISM

Measurement of Blood Flow Using II NMR. Blood flow was meas
ured using an in-flow technique modified from the 2H NMR work of
previous investigations (19, 20). As with most in-flow techniques, the
tracer concentration in the blood as a function of time was needed. A
standard curve of blood 2H3O was collected in a separate cohort of

animals. Specifically, i.p. injection of 0.01 ml/g body weight of saline
with 10% 2H2O was followed by 1 to 3 sequential orbital plexus sticks

using a heparinized capillary tube, removing measured aliquots of 20
to 50 n\ of arterialized blood. The blood was then analyzed for 2H2O
content using 2H NMR. A total of 16 animals were used from which a

total of 28 blood samples were analyzed. After attempting to fit a
number of theoretically relevant functions to the data, the best fit was
found to a simple saturating exponential with a time constant (,-) of
90 s (C,[tJ = A\\ - e'"'\). This function describing the average 2H2O

concentration of blood (Ct[i\) is expected to be close to the arterial
concentration because of the hemodynamics of the ophthalmic plexus.
The following differential equation: dCt[t]/dt = \F (CV[r] - C4t})\/V
was derived assuming 2H2O is freely diffusible and that the tumor was

adequately modeled by one compartment. Fis the tumor volume, Cr[r]
are sequential measurements of the tumor 2H2O concentration meas
ured dynamically by 2H NMR, and F is the blood flow. The tumor

volume V is calculated using an ellipsoid approximation as described
above. The solution to the differential equation is: Cr\t\ = \FAt>T/\Fr-
V\\\e-*ir*- e~"'\ -Aoe^'^ + Ao with the flow (F) as the only parameter

not directly measured. F is converted to units of ml/100 g/min using a
tissue/blood partition coefficient of 0.80. The blood flow after injection
remains almost constant after injection of i.p. saline, which has been
confirmed earlier by laser Doppler flowmetry (21, 22).

This method for measuring blood flow is actually Starling's Law type
plasma flow often termed "nutritive plasma flow." Specifically, both

diffusive transfer of plasma across the vessel walls and bulk flow through
tissue driven by hydrostatic pressure between tissue and capillary are
measured. This technique is relatively insensitive to shunted flow
through vessels that are impermeable to water.

Typical collection 2H NMR parameters included a 5-kHz sweep
width, 0.l-s recycle delay, and a lO-^s ~45Â°tip angle, 44 averaged free
induction decays, and a 2H operating frequency of 55.2 MHz. Using
these parameters, spectra were acquired with a 12.5-s resolution. The
design of the NMR probe and positioning of the coil and animal within
the probe are identical to that used for "P NMR (see below). 2H2O

injections were delivered via an i.p. catheter with tubing (Deseret
Medical Co., Sandy, UT) extending outside the probe and magnet, thus
no animal repositioning or magnetic field reshimming are needed, and
timing errors are negligible. Shimming was performed on a 2H2Opacket

immediately adjacent to the tumor. This packet could be removed from
the sensitive region by a pulley mechanism (also operated from outside
the probe and magnet).

"P NMR Spectroscopy. Spectra were obtained at 8.5 T (correspond
ing to a resonance frequency of 145.6 MHz for "P) on a home-built

spectrometer. Magnetic resonance spectroscopy acquisition parameters
were a 90Â°tip angle (=9-^s pulse width), 0.5- to 12-s recycle delay, and

a spectral width of 10 kHz. Each spectrum was composed of 48 to 512
averaged free induction decays. Spectral processing included a 25-50-
Hz matched exponential multiplication and a convolution difference of
600 Hz. T, times were calculated by the fit of the spectral intensities to
a saturating exponential as described previously (23-25). The magnetic
resonance spectroscopy coil encircled the tumor in a solenoid configu
ration. In this study, therefore, spectra represent average biochemical
profiles of an entire tumor. Animals were fully conscious during all
spectroscopic studies, which in total required approximately 1.5 h.
Using these methods we have previously shown that the "P NMR

spectrum is stable for at least 3 h (26).
The PCr to PÂ¡chemical shift was used to estimate the apparent

intracellular pH in tumors [calibration according to Koutcher et al.
(27)].

The assignments of resonances are in accordance with literature data
(28-30; see Fig. 1).

Measurement of ATP Synthetase (ATPase) Mediated NTP Turnover
Rates. Simple 2-site saturation transfer was used to determine the
effective first order reaction constants (25, 31). In addition to a T,

la) CONTROL

rNTP

ItÂ»

Fig. 1. "P NMR spectra of FSa-II foot tumors of =100 mm' in volume.
Spectra were collected using 12-s recycle delays and are thus nearly completely
relaxed. Peaks from left to right correspond to phosphomonoesters (PME), PÂ¡,
phosphodiesters (PDF), PCr, T-NTP, a-NTP, diphosphodiesters (DPDE), and
(j-NTP. a, control spectrum. Spectrum is fully relaxed (128 averaged free induc
tion decays). The signal to noise, PCr/P,, and NTP/P, are comparatively high. A
saturation pulse, midway between the -y- and n-NTP resonances, was used, b,
same as a except the saturation pulse was positioned directly on -y-NTP resonance
to measure NMR visible ATPase-dependent NTP turnover. A 16% decrease in
the PÃ•resonance area indicating an 8.5%/s NTP turnover. There was no change
in the PCr resonance indicating no detectable creatine kinase mediated NTP
synthesis, c, tumor of the same age and size growing in irradiated tissue (16-Gy,
1 week before implantation). This tumor has a comparatively low signal to noise,
PCr/Pi, and NTP/Pi. A saturation pulse, midway between the 7- and a-NTP
resonances, was used. </, same as c except the saturation pulse was positioned
directly on t-NTP resonance to measure NTP turnover. There was no detectable
decrease in either the PCr or the PÂ¡resonance area, indicating an undetectable
NTP turnover.

measurement as described above, spectra were collected with the 7-
NTP resonance presaturated and with the same low power pulse posi
tioned midway between the 7- and Â«-resonances. Spectra were accu
mulated with a 90Â°pulse, 10-kHz sweep width, an 8-s presaturation

pulse, and a 12-s interpulse interval (23-25). The 12-s interval allowed
for near complete relaxation of all resonances. A high degree of satu
ration selectivity was possible. Signal to noise was sufficient after 128
free induction decays, and control and 7-saturated spectra were col
lected in alternating sets to eliminate any possible time dependent
spectral changes. The effective first order reaction constant K,ff of
ATPase was then computed using the formula: K,ff= (\/T,)*(Ao - As)/
As where Ao is the area of the control PÂ¡resonance, and As is the area
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Fig. 2. Cumulative histogram of vessel number as a function of cross-sectional
area (mm2) and radiation dose. Control and 6-Gy preirradiation had similar total
vessel numbers, though the 6-Gy group vessel diameters were on average some
what larger. The high dose groups had fewer total vessel numbers, largely resulting
from a reduction in the number of small vessels. The largest vessel area (which
occurred in the 16-Gy group) represents a single mammary vessel that was
fortuitously acquired by this tumor.

Table 1 Frequency of tortuous vessels perfusing tumor
The tortuous vessel category refers to the number of long medium and large

diameter vessels with an obvious undulating appearance. A single observer by
unmagnified inspection categorized all vessels by tortuosity. The control and 6-
Gy groups had indistinguishable angiogenic parameters by this nonmagnified
inspection, as did the 11- and 16-Gy groups, and were therefore combined for
clarity. There were significantly fewer total vessels and fewer tortuous vessels
visible without magnification in the high dose group.

Radiation
dose

Volume
(mm3)

Total vessels
(vessels/tumor)

Tortuous vessels
(vessels/tumor)

Control and low dose 0-
and 6-Gy ( 18 tumors
studied)

High dose II-and 16-Gy
(14 tumors studied)

14.4 Â±1.2" 29.3 Â±2.3

7.7 Â±0.4

<0.01

22.0 Â±1.4

<0.05

13.2Â± 1.1

8.2 Â±0.7

<0.001

of the tumor bed also affected the color of the resulting tumors,
the low dose tumors were pink to tan pink compared with a
pearly white to bleached white color of tumors in the high dose
groups (Fig. 3).

The total cross-sectional area available for perfusing tumor

A

B

Â°Mean Â±SE.

of the PÂ¡resonance when the 7-NTP resonance is presaturated (25, 31).
The ATPase-dependent NTP turnover (T) is then calculated using the
formula: T = K,ff*AÃŸ/Aowhere AÃŸis area of the /3-NTP resonance in
the control spectrum.

Statistical Analyses. Values given in this study are means Â±SE if
not otherwise stated. The 2-tailed, unpaired t test was used to determine
statistical significance.

RESULTS

Angiogenesis. Angiogenesis was suppressed in FSa-II tumors
growing in preirradiated tissue. The number of vessels gener
ated by 5 x 105 cells in the 4-day growth period was decreased
to a similar degree in the 11- and 16-Gy animals and was
minimally different from control in the animals who received
just 6 Gy to the tumor bed (Fig. 2). Those tumors with reduced
angiogenesis also had smaller tumor volumes at 4 days, whereas
the volume of tumors growing in the 6-Gy group was unaffected
(Table 1).

Qualitative visual inspection revealed a greater number of
tortuous vessels (morphologically these occur in the large and
medium diameter vessels), in the control and 6-Gy groups than
in the higher dose groups (Table 1). High dose preirradiation

Fig. 3. Typical intradermal FSa-II tumors 4 days after sham treatment (a), or
after preirradiation to a dose of 16-Gy (*) in nul nu mice. Marked differences in
vessel tortuosity, number of small microvessels, and tumor color are evident.
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TUMOR ANGIOGENESIS. BLOOD FLOW, AND METABOLISM

Table 2 Frequency of vesselsperfusing tumor by size
The blood vessels invading the tumor were individually measured under magnification and divided into subgroups by diameters. For the size categories chosen, the

control and 6-Gy groups Â»eresimilar, as Â»erethe 11- and 16-Ciygroups, hence they were combined. The method for calculating the total lumen area of blood vessels
perfusing tumor assumes that blood vessels have a circular orthogonal cross-section.

Radiation
doseControl

and low dose(6-Gy)High

dose (11- and16-Gy)PTotal

lumen
area(mm2)0.14

Â±0.01 (16tumors)0.13

Â±0.02 (14 tumors)Vessels

(by diameter category)/tumor(mm)<0.0423.812.1<0.0010.04-0.0652521.00.065-0.099.210.4>0.094.13.7Total
vessels

measured993661

Table 3 Characteristics of Iunior microressel distributions
The smallest vessels Â»erethe most severely reduced by tumor bed irradiation.

A significant reduction of vessels under 0.025 mm were seen even after just 6-Gy
(P< 0.05). In all cases, the median vessel diameter was less than the average due
to a predominance of small vessels independent of tumor bed irradiation dose.

Median vessi
Radiation Average vessel diameter

dose diameter (mm)(mm)Control
(8 tumors) 0.040 Â±0.001Â°

6-Gy (8 tumors) 0.056 Â±0.002
11-G> (6 tumors) 0.051 Â±0.005
16-Gy (8 tumors) 0.060 Â±0.0040.038

0.048
0.042
0.052Fraction

of vessels
â€¢'<0.025 mmdiameterNo.

P25.3

127/502
19.6 96/491
17.149/2863.513/375 " '

" Mean Â±SE.

was determined by measuring the radius of each vessel perfusing
the tumor (under magnification) and then summing the squared
radii and multiplying the result by w. These values augment the
visual data by including a large number of vessels that are not
visible without magnification, and allow some evaluation of
vascular morphology. The calculated lumen, however, might
overestimate the available lumen for tumor perfusion in the 16-
Gy group since much of the induced neovasculature were al
ready telangiectatic and nonfunctional. Ignoring the over
estimate of lumen available for tumor perfusion, there was no
difference between the total lumen area of the low and high
dose groups (Table 2) apparently because the number of large
diameter vessels per tumor was minimally modified by tumor
bed irradiation.

Under magnification, vessels with diameters as low as 0.005
mm can be visualized and measured. There was a sharp decrease
in the number of vessels of the lowest diameters in the high
dose radiation groups. A cumulative histogram of blood vessel
diameters (computed by summing the number of vessels with
cross-sectional areas less than or equal to the ordinate value
plotted versus the total number of vessels per tumor) is shown
in Fig. 2. At small vessel diameters (<0.025 mm), there was
already a reduction of tumor vessels even at the lowest radiation
dose (Table 3). Independent of dose, the median diameter of
blood vessels was approximately 2 SE smaller than the mean,
indicating a predominance of small vessels in all dose groups.

Tumor Blood Flow. The blood flow of FSa-II tumors was high

and varied from tumor to tumor by a factor of 5 (Table 4).
Some tumors exhibit blood flows usually seen in metabolically
active tissues like brain or muscle during heavy work load. Cj{t]
curves for an animal that received 2 injections are shown in
Fig. 4. On average, the control tumors had a blood flow of 42.2
ml/100 g/min, whereas tumors growing in an irradiated bed
had a flow rate of 30.4 ml/100 g/min. This slightly decreased
flow rate was commensurate with the minimal decrease in
available vascular lumen area determined using the angiogenesis
assay, and likewise did not reach significance. Flow values in
the tumor bed irradiated animals, however, were markedly
tumor size dependent. If all the tumors with volumes <100

mm' are excluded, there was a significant difference in blood

flow between the control and irradiated groups (P < 0.01).
Metabolism, Growth Rate, and the Rate of NTP Synthesis.

The PCr/Pj and NTP/PÂ¡ ratios and pH of tumors growing in
tissue pretreated with 16 Gy were significantly lower than
control (Table 5). There was considerable intertumor variabil
ity, with some tumors maintaining near normal metabolic states
despite tumor bed irradiation. Likewise, some tumors main
tained near normal growth rates while at the lOO-mnr1 volume

range. Fig. 5 shows the correlation (P < 0.005 and r = 0.66)
between the ATPase-dependent NTP turnover and tumor vol
ume doubling rate (the reciprocal of tumor volume doubling
time). Those tumors with the highest rates of NTP turnover,

Table 4 Blood flow by size and iunior bed status
Most animals (chosen at random) had 2 blood flow measurements to improve

the precision of the flow values, hence the "n" values do not match.

All tumors
Flow (ml/ 100 g/min)
Volume(mm1)Tumors

<IOO mm3
Flow (ml/100 g/min)
Volume(mm1)Tumors

>1()0 mm'

Flow (ml/ 100 g/min)
Volume (mm1)Control42.2

Â±6.3Â°(18)*

I19Â±10(11)45.8

Â±10.8(6)
74 Â±37(3)40.4Â±8.1C(12)

136 Â±7 (8)TBE30.4

Â±7.3 (14)
108 Â±19(9)40.5

Â±11.6(9)
77 Â±26(6)12.2Â±

1.7C(5)

169 Â±32(3)

Mean Â±SE.
Numbers in parentheses, n values.

0.3

0.2-

00

Serial Blood Flow Measurements
Using Deuterium NMR

FSall Tumor
Volume Â»0.11 ml

S Flow . 24 mVmin/iOOaÂ°

Q Q

D D Q

Flow - 22 ml/min/IOOg

After 1st Deuterium Injection
After 2nd Deuterium Injection

1000 2000

Time (seconds)

3000

Fig. 4. Tumor 2H:O content (C^r]) as a function of time. Two complete

measurement sequences were made of the same tumor approximately 30 minapart. This tumor was 80 mm1 and the IO'1;.D2O doped saline solution was used.

A volume of 0.01 ml/g body weight was injected i.p. Flow values were reproducible
with differences of the order expected due to temporal variation.
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TUMOR ANGIOGENESIS. BLOOD FLOW. AND METABOLISM

Table 5 3IPNMR metabolite ratios, NTP turnover, and growth rate

Control (n
16-Gy(n =
P=

7)
13)Volume

(mm3)133

Â±14"

112Â±8
>0.1PCr/Pi0.79

Â±0.05
0.58 Â±0.08

<0.05NTP/Pi0.93

Â±0.07
0.64 Â±0.08

<0.05pH7.28

Â±0.02
7.11 Â±0.05

<0.05NTP

turnover(%/s)14

Â±3
9Â±2
>O.I1/VDT

(perday)0.47

Â±0.07
0.33 Â±0.04

=0.09

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

VOLUME DOUBLING RATE
(1/days)

Fig. 5. ATP synthetase mediated NTP turnover as a function of volume
doubling rate (I/volume doubling time).

independent of the tumor bed status, had the fastest volume
doubling rates. Though the slowest growing tumors tended to
be those growing in irradiated tissue, there was considerable
heterogeneity in the degree of slowing of metabolic rate and
growth rate induced by bed irradiation for tumors of 100 mm3.

Hence, neither the metabolic rate, as measured by the rate of
NTP turnover, nor the volume doubling rates were significantly
different from control in these 20 analyses. The correlation
between tumor doubling rate and the NTP synthesis rate was
similar to the correlation between doubling rate and the static
PCr/PÂ¡ (P < 0.005 and r = 0.68) and between NTP/PÂ¡ and
volume doubling rate (P < 0.005 and r = 0.71).

As evidence of the extreme intertumor heterogeneity, one
tumor growing in irradiated tissue had an exceptionally fast
volume doubling rate (0.55/day) and NTP turnover rate (32%/
s). If this tumor was excluded, the volume doubling time of the
TBE tumors decreased to 0.32 Â±0.04, which was significantly
different than control (P = 0.05), and the ATPase-dependent
NTP turnover rate decreased to 8 Â±2%/s (P = 0.07).

Morphological Changes Caused by Tumor Bed Irradiation.
Most tumors of 100-mm3 volume already differ histologically

from control tumors. The most impressive difference is the
diffusely distributed inflammatory reaction and necrosis seen
in those tumors growing in irradiated tissue. Consistent with
this finding was a decreased signal to noise seen in these
specimens, suggesting a lower concentration of high energy
phosphates and thus a lower fraction of viable cells in the tumor
volume (32, 33).

DISCUSSION

In this study, we have directly measured the potential for
angiogenic response of FSa-II tumors growing in an irradiated
bed. The degree of inhibition of angiogenesis was radiation dose

dependent. Six Gy of radiation had little effect on the number
of blood vessels that an inoculum of 5 x IO5cells could induce

in 4 days, whereas doses of 11 and 16 Gy both substantially
reduced angiogenesis. Even at 6 Gy, however, there was a
significant reduction in the number of the smallest vessels
(<0.025 mm diameter). At 6 Gy, however, it is not clear whether
this dose of radiation caused a hyperemia resulting in artificial
upgrading of vessel diameters or whether this dose actually
reduced the number of these smallest vessels, since the total
number of vessels was not affected by 6 Gy. There was no
reduction in FSa-II growth rate induced by 6 Gy to the tumor
bed consistent with this later hypothesis, but 6 Gy does affect
the rate of growth of some intracranial transplants of human
tumors in nu/nu mice,7 consistent with the development of

some tumor bed effect. In contrast to 6 Gy, the higher doses of
radiation clearly do reduce the ability of tumor to produce
neovasculature, and would induce the radiobiological hypoxia
that is well described experimentally in tumors growing in
preirradiated tissue (2, 7, 10). The dose of 16 Gy was chosen
as the approximate single fraction equivalent of 60 Gy at 2 Gy/
fraction (34); the latter schedule is typical of comprehensive
therapy of human cancers. This severely reduced angiogenesis
and reduced growth rate would therefore be expected in human
subjects who have failed primary therapy. The implications
with regard to metastatic rate and delayed diagnosis of recur
rence are therefore clinically relevant.

Our results confirmed the indirect observations of Milas et
al. (1) and others (2, 10), who have shown that TBE tumors
had an increased radiobiological hypoxic cell fraction. These
tumors are also known to have a lower oxygen partial pressure
distribution measured by oxygen electrode (34). In this study,
we have demonstrated that FSa-II tumors growing in tissue
preirradiated with 16 Gy generally have reduced perfusion,
lower PCr/P; and NTP/PÂ¡ ratios, and lower pH than control
tumors.

We have measured the tumor growth rate and unidirectional
ATPase activity of individual tumors using the method of one-
site saturation transfer. Those TBE tumors that maintained a
normal growth rate despite growing in an irradiated bed were
also those that maintained a normal rate of NTP turnover.
Other tumors with slower growth rates induced by irradiation
of the tumor bed also had decreased ATPase mediated NTP
turnover. This finding supports a previous observation corre
lating the NTP turnover rate with tumor growth rate in FSa-II
tumors (25). The metabolic rate as determined using the NTP
turnover measurements correlated with the growth rate meas
urements, as did the PCr/PÂ¡ or NTP/PÂ¡ ratios. PCr/PÂ¡ and
NTP/Pi, however, correlated less strongly with NTP turnover
(r = 0.56, r = 0.53, respectively) suggesting that some tumors
with a low metabolic state may nevertheless have a high meta
bolic rate and vice-versa. It must be commented that the satu
ration transfer method for measuring ATPase kinetics may
underestimate (or overestimate) the total enzyme activity, and
may not yield an accurate NTP turnover rate due to compart-

7 H. D. Suit et al., unpublished observations.
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mentalization of metabolites or enzymes (35). Hence, the as
sociation between tumor growth rate and NTP turnover, as
measured by this technique, may not be applicable to all tumor
histologies. Nevertheless, it is the only method of measuring in
vivo unidirectional reaction kinetics (31). Assuming that NMR
measurements of ATPase kinetics are an estimate of metabolic
rate, it appears that metabolic rate is as important as metabolic
state in determining tumor growth rate.

Interestingly, the difference in blood flow of control tumors
and tumors growing in irradiated tissue was small (if any) until
tumors grew larger than 100 mm3. This small difference appar

ently contradicts the significant reduction of pH and of meta
bolic state (as measured by PCr/PÂ¡and NTP/PÂ¡) already seen
in tumors of approximately 100 mm3. The decreased metabolic

state is probably due to the selective loss of small vessels induced
by radiation. These microvessels are required to bring flow
homogeneously into tumor microregions for capillary distribu
tion to the cells. For FSa-Il tumors, it appears that the meta
bolic state of the average tumor cell is maintained with little or
no resilience against stress. The small decrease in global flow
and the loss of the smallest caliber vessels was apparently
sufficient stress to reduce the pH and PCr/PÂ¡.Consistent with
this hypothesis, Jirtle and Clifton (4) showed that tissue form
TBE and control tumors had similar vascular volumes. Since
in their study more necrosis was observed in TBE tumors, this
work is also consistent with an impaired and tenuous quality of
vascularity of these tumors.

Substantial individual variability of metabolic suppression
was observed in tumors growing in an irradiated bed. Presum
ably, this is due to an extensive variability in the quality of
angiogenesis and perfusion occurring in different microregions
within those tumors (4, 10) and from tumor to tumor. Indeed,
intertumor variabiity can be striking between different tumor
lines (8). Some individual tumors, due to subtle differences in
anatomic location, may be able to access substantial sources of
nutritive perfusion and thus avoid or reduce the effect of an
irradiated bed until they reach sizes significantly larger than
100 mm1 ( 10). The intertumor metabolic variability underscores

the expected clinical importance of noninvasive methods, such
as those used in this study, for routine measurements of tumors
that are recurrent after irradiation.

In conclusion, FSa-II tumors growing in an irradiated bed
have lower pH, PCr/PÂ¡, and NTP/PÂ¡ and a lower mean pO2
(33). When tumors have volumes above 100 mm', their perfu

sion is decreased and even at early growth stages they have
impaired induction of small blood vessels. This latter effect on
induction of tumor vasculature is believed to precede and induce
the other changes in tumor metabolic state. The tumor model
used has many similarities to human tumors regrowing after
unsuccessful treatment, and should be useful for investigating
treatment modalities aimed at tumors with poor vascular and
nutritional supplies.
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