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CHANGES IN THE TUMOR MICROENVIRONMENT DURING LOW-DOSE-RATE
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Purpose: There is a lack of data regarding how the tumor microenvironment (e.g., perfusion and oxygen partial
pressure [pO2]) changes in response to low-dose-rate (LDR) brachytherapy. This may be why some clinical issues
remain unresolved, such as the appropriate use of adjuvant external beam radiation therapy (EBRT). The
purpose of this work was to obtain some basic preclinical data on how the tumor microenvironment evolves in
response to LDR brachytherapy.
Methods and Materials: In an experimental mouse tumor, pO2 (measured by electron paramagnetic resonance)
and perfusion (measured by dynamic contrast-enhanced magnetic resonance imaging) were monitored as a
function of time (0–6 days) and distance (0–2 mm and 2–4 mm) from an implanted 0.5 mCi iodine-125
brachytherapy seed.
Results: For most of the experiments, including controls, tumors remained hypoxic at all times. At distances of
2–4 mm from radioactive seeds (�1.5 Gy/day), however, there was an early, significant increase in pO2 within
24 h. The pO2 in that region remained elevated through Day 3. Additionally, the perfusion in that region was
significantly higher than for controls starting at Day 3.
Conclusions: It may be advantageous to give adjuvant EBRT shortly (�1 to 2 days) after commencement of
clinical LDR brachytherapy, when the pO2 in the spatial regions between seeds should be elevated. If chemo-
therapy is given adjuvantly, it may best be administered just a little later (�3 or 4 days) after the start of LDR

brachytherapy, when perfusion should be elevated. © 2005 Elsevier Inc.
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INTRODUCTION

ow-dose-rate (LDR) brachytherapy via permanently im-
lanted iodine-125 or palladium-103 seeds (�30 keV pho-
ons having a dose reduction factor of 10 for �1 cm of
issue) is frequently used to treat tumors, especially prostate
ancer. Advances in image-guided placement of the seeds
ave enabled physicians to use this technique to deliver
onformal radiation doses to tumor tissue, resulting in good
uccess rates for local control and significant sparing of
ormal tissues (1–4).

Despite the relative success of LDR brachytherapy, is-
ues remain regarding the optimal dose, isotope, use of
lanning treatment margins, and use of adjuvant therapies
uch as external beam radiation therapy (EBRT) (5–8).
hese uncertainties may stem, at least in part, from the lack
f data regarding how the tumor microenvironment (e.g.,
erfusion and oxygen partial pressure [pO2]) changes in
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esponse to LDR brachytherapy. For example, the variation
f pO2 in the tumor as a function of time may be an
mportant consideration for the timing of adjuvant EBRT,
ecause oxygen is a powerful radiosensitizer (9, 10).
There have been some studies which have correlated

retreatment tumor perfusion or pO2 with treatment out-
ome (11–14). However, few of these studies have dealt
ith LDR brachytherapy and none of them have followed

hanges in tumor pO2 as a function of time. van den Berg et
l. studied changes in perfusion and pO2 in an experimental
at tumor as a function of time during the first 24 h after
mplantation of high-energy, high-dose-rate (300 keV, 300
y per hour) iridium-192 brachytherapy sources (10). Ad-
itionally, there have been a few studies which have mea-
ured changes in pO2 and perfusion as a function of time
fter a single, large (� �10 Gy), dose of EBRT (15–24).
owever, none of these data may be readily applicable to
DR brachytherapy, where the dose is highly localized
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nside the tumor (often with significant dose gradients) and
he dose rates during delivery of the radiation are approxi-
ately 3 orders of magnitude smaller than for EBRT (i.e.,

everal Gy per day vs. several Gy in minutes).
Powerful tools have become recently available for study-

ng the tumor microenvironment in vivo. Contrast-enhanced
agnetic resonance imaging (MRI) may be used to measure

umor perfusion noninvasively (25, 26). Moreover, recent
dvances in electron paramagnetic resonance (EPR) have
ade it possible to monitor pO2 in vivo repeatedly and

elatively noninvasively (27).
The purpose of this work was to obtain some basic

reclinical data on how the tumor microenvironment
volves in response to LDR brachytherapy. In an experi-
ental mouse tumor, pO2 (using EPR) and perfusion (using
RI) were measured as a function of time and distance

rom an implanted LDR iodine-125 brachytherapy seed.

METHODS AND MATERIALS

Transplantable liver tumors (TLT) were implanted in the gas-
rocnemius muscle in the leg of male NMRI mice (20–25 g, B&K,
ull, UK) (28). Brachytherapy seeds were implanted when the

umors reached a diameter of 8.0 � 0.5 mm. All experiments were
erformed according to national animal care regulations.
Mice were anesthetized by inhalation of isoflurane mixed with

ir in a continuous flow (1.8 L/h), delivered by a nose cone.
nesthesia was initiated using 3% isoflurane and stabilized at
.6% isoflurane for at least 10 min before any manipulation.
Low-dose-rate iodine-125 seeds (0.8 mm outer diameter (OD)
4.5 mm long) were provided by IBt, Inc. (Seneffe, Belgium).

ne seed was implanted into each tumor. The activity of each seed
as 0.5 mCi at the time of implantation (negligible for inactive

eeds used for control experiments).
For one group of tumors (n � 16), the pO2 was monitored daily

y EPR oximetry using a low-frequency EPR spectrometer (1.2
Hz) (29). The EPR oxygen sensor was a cylindrically shaped
.9-mm-diameter “plug” of moistened Carlo Erba charcoal. This
lug of charcoal was implanted into the center of the tumor, with
he trajectory of the implantation running parallel to the mouse leg.
he mouse was then allowed to recover for 24 h before further
anipulations, to ensure the high stability and reproducibility of

he charcoal oxygen sensor (measured previously to be �1 mm Hg
ariation over 4 months) (30). The iodine-125 seed was subse-
uently implanted next to and parallel to the plug of charcoal, such
hat the long axis of the iodine-125 seed was also parallel to the
ouse leg. For one subgroup of these tumors (n � 7), the iodine-

25 seed was implanted within 2 mm of the oxygen sensor (5
ctive seeds, 2 controls) (Fig. 1a). For another subgroup (n � 9),
he iodine-125 seed was implanted at a distance of 2 to 4 mm from
he oxygen sensor (6 active seeds, 3 controls) (Fig. 1b). Measure-
ents of pO2 were carried out at 0, 1, 2, 3, and 6 days after

mplantation of the iodine-125 seed.
For another group of tumors (n � 17; 9 radioactive seeds � 8

ontrols), perfusion was monitored on Days 0, 1, 2, 3, and 6 after
odine-125 seed implantation via single-slice dynamic contrast-
nhanced MRI at 4.7 T using the rapid-clearance blood pool agent
792 (Vistarem, Laboratoire Guerbet, Aulnay-sous-Bois, France)
31). For these experiments, the iodine-125 seed was implanted

pproximately 2 to 3 mm from the tumor center, with the same b
patial orientation as was employed for the EPR experiments (Fig.
c). The transverse (axial) slice prescribed in the tumor was chosen
o intersect with the center of the iodine-125 seed. (The long axis
f the seed was therefore normal to the imaging plane.) High-
esolution multislice T2-weighted spin echo anatomic imaging was
erformed just before dynamic contrast-enhanced imaging so that
he tumor slice could be chosen to co-register as much as possible
ith the slice used on the previous day. Pixel-by-pixel values for
trans (influx volume transfer constant, from plasma into the in-

erstitial space, units of min�1), vp (blood plasma volume per unit
olume of tissue, unitless), and kep (fractional rate of efflux from
he interstitial space back to blood, units of min�1) in tumor were
alculated via tracer kinetic modeling of the dynamic contrast-
nhanced data (31). Statistical significance for vp or Ktrans identi-
ed “perfused” pixels (i.e., pixels to which the contrast agent P792
ad access) (31, 32). The resulting parametric maps for Ktrans, vp,

ep, and perfused pixels were divided into two regions, or “rings:”
ne ring contained all the pixels in the tumor located within 2 mm
f the iodine-125 seed; the other ring contained all the pixels in the
umor that were located 2 to 4 mm from the iodine-125 seed (Fig. 1c).

The rationale for the two spatial zones—0–2 mm and 2–4 mm
rom the seeds—was to study how pO2 and perfusion would react
o differing dose rates. This is an important issue in LDR brachy-
herapy, where the dose rate changes significantly as a function of
istance from the seed. In the region �2 mm from the iodine-125
eed, we estimated that the mean dose rate was approximately 6
y/day, whereas for 2–4 mm the mean dose rate was estimated to

ig. 1. (a–c) Schematic diagrams showing the relative locations of
he tumor, oxygen sensor, and iodine-125 seed for the electron
aramagnetic resonance (EPR) and magnetic resonance imaging
MRI) brachytherapy experiments. Each image is a transverse
axial) slice of the tumor. The two white rings surrounding the
odine-125 seed represent distances of 2 and 4 mm from the seed.
d) Approximate cumulative dose as a function of time for the
patial regions of 0–2 mm and 2–4 mm from the iodine-125 seed.
e about 1.5 Gy/day (Fig. 1d). These mean dose rate values were
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alculated in two steps: First, the dose rate as a function of distance
rom the seed (up to 10 mm) was calculated by assuming a
niform, cylindrical, source. These dose rates were confirmed at 5
m and 10 mm with the TG43 recommendations for this seed

33). Second, these dose rates were integrated over spatial ele-
ents for �2 mm and 2–4 mm to obtain the mean dose rates for

hose two regions. The uncertainty in the calculation for the 2–4
m region was approximately 0.3 Gy/day. For the �2 mm region,

he uncertainty was much higher, largely because the exact dose
ate depends very strongly on the precise internal structure of each
eed. The value of 6 Gy/day is probably an underestimate, with the
ctual value possibly a factor of 2 or more higher.

Both the EPR pO2 study and the MRI perfusion study were
erformed in a longitudinal fashion, i.e., each tumor was followed
hrough the 6 days of brachytherapy treatment.

As mentioned above, the dose rates during delivery of LDR
rachytherapy radiation are approximately 3 orders of magnitude
maller than for EBRT. Therefore, the data obtained in this study
n the tumor microenvironment during LDR brachytherapy have
o true precedent in the literature. To obtain some sort of exper-
mental confirmation of our LDR brachytherapy data, we per-
ormed two additional studies with “low dose” EBRT. For the first
f these studies, TLT tumors were irradiated with a single dose of
nly 2 Gy EBRT, followed by pO2 monitoring via EPR every hour
or 6 h, plus one additional EPR measurement at 24 h (n � 6
rradiated tumors � 6 nonirradiated controls) (34). The second
dditional study (n � 7) was similar to the first one, except that the
Gy was divided into 10 separate 0.2 Gy fractions, with approx-

mately 40 min between each fraction (in an effort to “simulate”
rachytherapy). The EBRT was performed with 250 keV X-rays
RT 250 irradiator, Philips Medical Systems [Nijmegen, The Neth-
rlands], 1.2 Gy/min). For the irradiations, the tumors were cen-
ered in a 3-cm-diameter circular irradiation field.

An additional series of brachytherapy experiments was per-
ormed to investigate histologic characteristics of tumor tissue near
he iodine-125 seed. For these experiments, radioactive or control
eeds were implanted into tumors for varying times (0, 1, 2, 3, or

ig. 2. Electron paramagnetic resonance–derived partial pressure
f oxygen in murine transplantable liver tumors, as a function of
istance from a 0.5 mCi iodine-125 seed (0–2 or 2–4 mm) and as
function of time (0–6 days after implantation of the seeds).

Control” seeds were not radioactive (0.0 mCi). Results shown are
ean � standard error.
days, n � 5 radioactive experiments per time group, n � 3 l
ontrols per time group). At the end of the specified time, the
umor was excised and cut into �1-mm-thick slices. This cutting
as performed such that the plane of each slice was normal to the

ong axis of the iodine-125 seed (approximately the same orien-
ation as the images in the MRI study). Tumor slices were fixed in
ormalin, embedded in paraffin, and stained with hematoxylin and
osin. For each tumor, only slides with tumor tissue coinciding
ith the location of the iodine-125 seed were selected for viewing.
hese slides were identified as having a single, complete, round,
–2 mm smooth-edged hole in the tumor tissue (left by the pres-
nce of the iodine-125 seed). Each hole was typically larger than
he actual iodine-125 seed, as a result of histologic processing and
arring of the tissue during tumor removal and cutting.

RESULTS

Figure 2 shows the results of the EPR pO2 brachytherapy
xperiments. For most of the experiments, including all
ontrols, the tumors remained very hypoxic (pO2 � 3 mm
g) for all time points. The experiments performed with

adioactive seeds located at 2–4 mm from the oxygen
ensor (configuration shown in Fig. 1b), however, showed
n early, significant increase in pO2 within 24 h (p � 0.013,
aired Student’s t test). The pO2 for these particular exper-
ments remained significantly higher than the pO2 for all the
ther experiments through Day 3 (p � 0.03 for each day,
tudent’s t test), then returned to hypoxic levels by Day 6.
Figure 3 shows maps of perfused pixels for four different

umors (two with radioactive seeds, two controls), as a
unction of time. Qualitatively, it appears that the fraction of
erfused pixels in the control tumors gradually decreased
ith time, whereas that for the tumors with radioactive

eeds increased somewhat or remained stable. Figure 4a

ig. 3. Example maps of perfused pixels for murine transplantable
iver tumors, as a function of time after implantation of an iodine-125
eed (0.0 mCi for control seeds, 0.5 mCi for active seeds). Each map
s a T2-weighted anatomic image overlaid by a binary red map
ndicating the locations of perfused pixels (for online version only: red

perfused with the contrast agent P792, no red � not perfused). The

ocations of the seeds on Day 0 are shown by the arrows.
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hows the results of quantitative analysis of the fraction of
erfused pixels (average of all experiments) for the tumor
egions located at 0–2 mm from the iodine-125 seed. Al-
hough the fraction of perfused pixels increased more for the
umors with active seeds than for controls, this was not
tatistically significant at any time point. Figure 4b shows
he results for the tumor regions located at 2–4 mm from the
odine-125 seed. Starting on Day 3, the fraction of perfused
ixels for the tumors with active seeds was significantly
igher than for controls (p � 0.05 for each day, Student’s t
est). No differences in the average values of Ktrans, vp, or

ep were observed between tumors with active seeds and
umors with control seeds.

Figures 5 and 6 show the results of the EPR pO2 EBRT
xperiments. As shown in Fig. 5, a single dose of 2 Gy

Fig. 4. The fraction of perfused pixels (number of tum
total number of tumor pixels in the region of investig
of distance from an iodine-125 seed (a, 0 –2 mm an
implantation of the seeds), normalized to Day 0. Results
error. The normalization to Day 0 was performed for ea
mice. *p � 0.05, Student’s t test

ig. 5. Electron paramagnetic resonance–derived partial pressure
f oxygen in murine transplantable liver tumors, as a function of
ime after a single dose of 2 Gy external beam radiation therapy.

esults shown are mean � standard error. R
BRT led to a significant increase in pO2 within 1 h (p �
.028, paired Student’s t test). The pO2 remained signifi-
antly elevated for at least 24 h (p � 0.04). For the control
xperiments (data not shown), the pO2 did not undergo any
ignificant changes with time (p � 0.1, paired Student’s t
est). Figure 6 shows the evolution of the pO2 during the
ractionated EBRT protocol delivering the same total dose
f 2 Gy. After 4 fractions of 0.2 Gy (time � 3 h, 0.8 Gy
otal) the pO2 began to increase, although not significantly
p � 0.23, paired Student’s t test). After 7 fractions of 0.2
y (time � 5.5 h, 1.4 Gy total), the increase in pO2 over the
aseline value was almost statistically significant (p �
.055). After the completion of the fractionated protocol
time �8 h, 2 Gy total), the pO2 values were significantly
levated relative to the baseline value (p � 0.002).

els perfused with the contrast agent P792 divided by
for murine transplantable liver tumors, as a function
– 4 mm) and as a function of time (0 – 6 days after
n are the average for all mouse experiments � standard
vidual mouse before averaging together the data for all

ig. 6. Electron paramagnetic resonance–derived partial pressure
f oxygen in murine transplantable liver tumors, as a function of
ime during and after a fractionated schedule of external beam
adiation therapy (10 fractions of 0.2 Gy for a total of 2.0 Gy).
or pix
ation)
d b, 2
show

ch indi
esults shown are mean � standard error.
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Figure 7 shows representative histologic images of tumor
issue which was adjacent to the iodine-125 seeds (implan-
ation duration � 2 days). For the image on the left (a
ontrol), the hole left by the iodine-125 seed (A) is rimmed
y a 1–2 mm-thick zone of dead tumor cells characterized
y hyperchromatic nuclei and intensely eosin-staining cy-
oplasm (B). Farther out, most tumor cells are intact and
live (C). For the image on the right (radioactive seed), the
ole left by the iodine-125 seed (A) is surrounded by a large
egion of cellular necrosis (B) characterized by isolated
ycnotic nuclei, cellular debris, and intensely eosin-staining
brous tissue. Far beyond the hole (�4 mm, not shown), the

umor cells are once again mostly intact and alive. We did
ot observe any evidence of inflammation on any of the
lides studied.

DISCUSSION

In this work we report, for the first time, measurements of
umor pO2 and blood perfusion as a function of time after
mplantation of radioactive iodine-125 seeds used in LDR
rachytherapy. At distances of 2–4 mm from the radioac-
ive iodine-125 seeds, both pO2 and blood perfusion were
bserved to increase relatively shortly after implantation of
he seed (within �24 and 72 h, respectively). The pO2

emained elevated (�6–9 mm Hg) through Day 3.
These results are not totally surprising. Increases in tumor

xygenation and perfusion shortly after a single, large (�
10 Gy) dose of EBRT have been observed by other

nvestigators (15–24). However, some caution should be
bserved when comparing such EBRT data with these new
DR brachytherapy data. LDR brachytherapy and EBRT
iffer considerably in terms of dose rate and homogeneity of
he radiation field within the tumor. It is possible, therefore,
hat these two radiation treatments may affect the tumor
icroenvironment in different ways.
In the region of 2–4 mm from the radioactive iodine-125

eed, a small dose (�1.5 Gy total) was delivered continu-

Fig. 7. Images of hematoxylin- and eosin-stained tumor ti
duration � 2 days). (A) Hole left by the iodine-125 seed.
tumor cells are intact and alive. Magnification 100�.
usly to the tumor over 24 h, resulting in a significant v
ncrease in pO2. Strictly in terms of total dose delivered over
4 h, these data are consistent with the two supplemental
BRT experiments which we performed (Figs. 5 and 6).
hat is interesting is that the pO2 increased regardless of

ow this small dose was delivered: as a single dose (Fig. 5),
n a fractionated schedule (Fig. 6), or continuously (Fig. 2).
t may be noted that the basal (preirradiation) tumor pO2

iffered somewhat for these three experiments: �2 mm Hg
or the brachytherapy experiments, �6 mm Hg for the
ingle-dose EBRT experiments, and �4 mm Hg for the
ractionated EBRT experiments. These three experiments
ere performed on three different groups of tumors, how-

ver, with several months of separation. Moreover, such
iffering values are not contrary to our experience with TLT
ouse tumors (dozens of groups spanning several years):

he average basal pO2 has indeed been observed to vary
omewhat from group to group (range 2 to 10 mm Hg),
robably because of subtle differences in tumor architecture
esulting from minor variations in the inoculation procedure
exact location of tumor implantation, number of cells, etc.).

In the region of 2–4 mm from the radioactive iodine-125
eed, there was a delay between the increase in pO2 and the
ncrease in perfusion. Therefore, the early increase in pO2

at 24 h) is probably due primarily to a decrease in oxygen
onsumption rather than to an increase in perfusion. This is
n contrast to previous EBRT work performed by our group,
here it was found that the early increase in pO2 after a

ingle dose of 2 Gy EBRT (as in Fig. 5) was in all likelihood
artly caused by an increase in perfusion resulting from
nflammation (34). The lack of an early increase in perfu-
ion in the current study therefore suggests that the ex-
remely low dose rates delivered by LDR brachytherapy are
ess able to cause inflammation. This hypothesis is sup-
orted by our histologic data, which showed no evidence of
nflammation.

Assuming that oxygen consumption decreases for the
egion of 2–4 mm from the radioactive iodine-125 seed, this
ecrease could simply be the result of there being fewer

cated directly adjacent to iodine-125 seeds (implantation
gion of mostly dead tumor cells. (C) Region where most
ssue lo
(B) Re
iable cells, many of the cells having been killed by the
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adiation. This cell killing can be seen in Fig. 7 by compar-
ng the image from the control experiment (left image, intact
live tumor cells in region C) with the image from the
adioactive experiment (right image, most cells dead). The
eduction in the number of viable cells could eventually
educe pressure on the capillaries, which would allow per-
usion to increase (34, 35). This would explain the observed
elay between the pO2 increase and the perfusion increase.
nfortunately, validating these hypotheses could be diffi-

ult. Current methods for measuring oxygen consumption
nd interstitial fluid pressure are whole-tumor techniques
nd may not be easily adapted for making measurements in
mall, precisely localized regions of the tumor.

For untreated tumors, a general decline in perfusion as a
unction of time (e.g., Figure 4 controls) is a phenomenon
hich has been observed by many groups in a variety of

umor models (36–45). The generally accepted explanation
s that as a tumor grows and angiogenesis continues, the
apillaries that transport blood from major vessels to the
ain tumor mass become longer and longer, resulting in

igher blood flow resistance and greater diffusion distances
or nutrients (36–38). In addition, proliferating cancer cells
ay compress capillaries, further reducing perfusion (35).
ventually, most of the tumor will become less and less
erfused, with the exception of the exterior (rim) which has
hort, easy access to normal tissue capillaries (36). The end
esult is that the fraction of total tumor mass which is
ell-perfused decreases with time (36, 39).
No significant changes in pO2 were observed in the

egion of 0–2 mm from the iodine-125 seed (�6 Gy/day).
his lack of response is probably related to mechanical
amage of the tumor tissue in and around the oxygen sensor
aused by implantation of the iodine-125 seed. Indeed, the
istologic data showed a rim of cell death (thickness 1–2
m) around all iodine-125 seeds, radioactive or control.
ortunately, this issue is not likely to have important clinical
onsequences, because the tumor tissue in this region re-
eives extremely high cumulative doses (�250 to 500 Gy

otal over the entire course of treatment). p
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umor cells in those regions. If chemotherapy is given
djuvantly, it may best be administered just a little later
e.g., 3 or 4 days) after the start of LDR brachytherapy. At
hat time, perfusion could be elevated, permitting better

enetration of the drug into the tumor.
CES
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