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Abstract
Temporal heterogeneities in tumor blood supply were studied by using a recently developed first-pass imaging
technique. First-pass imaging movies of A-07-GFP human tumor xenografts growing in window chambers were
recorded at a frame rate of ∼9 fps and a spatial resolution of 10.8 × 10.8 μm2 after a bolus of 155-kDa tetramethyl-
rhodamine isothiocyanate–labeled dextran had been administered intravenously. Each tumor was subjected to im-
aging thrice, with 20 minutes between each repetition. Highly specific maps of the vascular network and blood
supply time (BST) images (i.e., images of the time from when arterial blood enters a tumor through the main sup-
plying artery until it reaches a vessel segment within the tumor) were produced from the movies. The tumors had
one to three supplying arterioles and showed substantial temporal heterogeneity in BST. Homogeneous changes
in BST in the entire vascular network were seen in tumors supplied by one arteriole. Blood supply time fluctuations
in tumor subregions were observed in tumors having two or three supplying arterioles. In addition, individual vessel
segments frequently showed significant changes in BST with time. High-magnification transmission microscopy
imaging substantiated that BST changes could be a consequence of arterial/arteriolar vasomotor activity, vessel wall
compression, varying flow rate, and vascular stasis.
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Introduction
Human cells generally depend on an adequate supply of oxygen and
nutrients to survive, and complex vascular networks are generated to
fulfill this fundamental need. Normal tissues are characterized by a
redundant arteriolar supply, with the blood flowing successively from
arterioles covered by circumferential smooth muscle cells to venules
and veins through well-defined capillary networks. Consequently, the
blood supply of normal tissues is strictly regulated, ensuring a con-
tinuous and adequate supply of oxygen and nutrients to every cell in
the parenchyma.
Most tumors are characterized by impaired blood supply caused by

a combination of limited arteriolar supply, absent vessel hierarchy,
and severe morphologic abnormalities such as contour irregularities,
tortuous and elongated vessel segments, and arteriovenous shunts
[1,2]. As a direct consequence of poor arteriolar supply and elongated
vessel segments, erythrocytes may be depleted of oxygen on their way
through the vascular network and give rise to longitudinal PO2 gra-
dients [1,3]. The chaotic microvascular architecture greatly increases
the risk of vascular cessations, unstable blood flow, and development
of acute hypoxia [4–7]. Consequently, blood flow heterogeneities
may play an important role in the development of a hostile micro-
environment in tumors.

Despite their potential importance, spatial and temporal heteroge-
neities in tumor blood supply have not been the subject of detailed,
comprehensive investigations thus far, probably reflecting a lack of
simple and adequate experimental methods. In the present study,
we subjected window chamber preparations of tumors to blood sup-
ply time (BST) imaging [7]. Blood supply time values, representing
the time from when arterial blood enters a tumor-supplying artery
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until it reaches a downstream vessel segment, were assigned to all
vessels within a tumor cross section. This procedure was performed
thrice for each tumor, enabling direct visualization of the spatial het-
erogeneity in blood supply and changes in this heterogeneity with
time. Simultaneously, individual tumor-supplying arteries and tumor
arterioles, microvessel segments, and venules were subjected to de-
tailed investigations in an attempt to reveal biologic mechanisms pro-
voking instabilities in tumor blood flow.

Materials and Methods

Tumor Model
A cutaneous window chamber was surgically implanted in the

dorsal skin fold of adult (8–10 weeks of age) female BALB/c nu/nu
mice by using a procedure similar to that reported earlier [7,8]. Briefly,
a circular incision (ø ∼ 6 mm) was made in the left skin layer, and
the fascial surface of the right skin layer was exposed. The incision
site was sandwiched by two parallel chamber frames, and an A-07-
GFP human melanoma multicellular spheroid (ø ∼ 0.1 mm) was
implanted onto the fascial surface of the right skin layer [7,9]. Fi-
nally, the surgical site of the skin fold was covered by a plastic window.
After surgery, the mice were housed in a Scantainer (Scanbur, Nit-
tedal, Norway) maintained at a temperature of 30 to 32°C and 60%
humidity with continuous access to sterilized food and tap water. Tu-
mors with a diameter of 2 to 3 mm were subjected to intravital micros-
copy studies within 9 to 12 days after implantation. Animal care and
experimental procedures were in accordance with the Interdisciplinary
Principles and Guidelines for the Use of Animals in Research, Market-
ing, and Education (New York Academy of Sciences, New York, NY).

Anesthesia
Window chamber implantation and intravital microscopy were

carried out with anesthetized mice. Fentanyl citrate (Janssen Pharma-
ceutica, Beerse, Belgium), fluanisone (Janssen Pharmaceutica), and
midazolam (Hoffmann-La Roche, Basel, Switzerland) were admin-
istered IP in doses of 0.63, 20, and 10 mg/kg, respectively. After
surgery, the mice were given buprenorphine (Temgesic; Schering-
Plough, Brussels, Belgium) IP in a dose of 0.12 mg/kg. During sur-
gery, the body core temperature of the mice was maintained between
37 and 38°C by using a heating pad, whereas a thermostatically con-
trolled hot air generator was used to maintain the temperature during
intravital microscopy.

First-Pass Imaging
During imaging, the mice were kept in a specially constructed

holder that fixed the window chamber to the microscope stage. Im-
aging was performed by using an inverted fluorescence microscope
equipped with filters for green and red lights (Model IX-71; Olympus,
Munich, Germany), a ×1.25 objective lens, a black and white CCD
camera (Model C4742-95;Hamamatsu Photonics, Hamamatsu, Japan),
and appropriate image acquisition software (Wasabi; Hamamatsu
Photonics). The spatial resolution was 10.8 × 10.8 μm2, and the field
of view (6.89 × 5.51 mm2) was adjusted to include both the tumor
and the surrounding normal tissue. Fluctuations in blood supply were
studied by repeated first-pass imaging of five tumors [7]. Briefly, 4 mg
of tetramethylrhodamine isothiocyanate (TRITC)–dextran with amo-
lecular mass of 155 kDa (Sigma-Aldrich, St. Louis, MO) was diluted
in saline and administered into the lateral tail vein in a bolus dose of
0.05 ml. Simultaneously, epifluorescence images were acquired at a
frame rate of ∼9 fps and stored to a local computer. The imaging pro-
cedure was carried out thrice for each tumor, with 20minutes between
each recording.

Image Processing
Two-dimensional projected vascular masks were established from

stored images as described elsewhere [7]. A total of three masks were
derived for each tumor, one from each of the three imaging series.
The masks were controlled for consistency before they were sub-
jected to image fusion. Finally, three BST images were produced
for each tumor by assigning a BST value to each pixel in the fused
vascular mask [7]. The BST of a pixel was defined as the time differ-
ence between the frame showing maximum fluorescence intensity in
the pixel and the frame showing maximum fluorescence intensity in
the reference tumor-supplying artery. The velocity of the plasma flow
in the reference artery was measured as described earlier [7].

Transmission Microscopy Imaging
To search for mechanisms behind temporal heterogeneities in tu-

mor blood supply, window chamber preparations were subjected to
high-magnification transmission microscopy imaging [7]. Individual
tumor-supplying arteries and tumor arterioles, microvessels, and ve-
nules were imaged at a magnification of ×20, providing a spatial reso-
lution of 0.67 × 0.67 μm2.

Statistical Analysis
Sigmoidal curves were fitted to cumulative plots of normalized

BST distributions by regression analysis. Two parameters were de-
rived from the regression analysis: median BST and the derivative
of the cumulative plot at median BST. The latter parameter describes
the intratumor heterogeneity in BST. It was assumed that these pa-
rameters followed a normal distribution with unknown variance. By
using the Student’s t distribution with 39 degrees of freedom, 99%
confidence intervals were calculated for each of the parameters. Two
BST frequency distributions were considered to be significantly dif-
ferent when the 99% confidence intervals did not overlap.

Results
Figure 1 shows background-subtracted fluorescence intensity

courses for five single-pixel regions of interest (ROIs) in the vascular
network of a representative window chamber preparation. The ROIs
refer to the reference vessel (ROI 1) and four vessels (ROIs 2–5) in
different tumor locations (Figure 1A). The fluorescence intensity
courses were recorded after the first (Figure 1B), the second (Fig-
ure 1C ), and the third (Figure 1D) injections of TRITC-dextran.
Generally, the vessels showed fluorescence intensity courses with a
well-defined peak, and the peak for pixels localized within the tumor
vasculature was right-shifted relative to that for the pixels of the
reference vessel. Because the vessels were leaky, the background in-
tensity increased for each administration of contrast. However, altera-
tions in the leakiness from one contrast administration to the next
were not observed. Most importantly, the specificity of the intensity
curves was not compromised by the leakiness of the vessels, and
therefore, the position of the intensity peak could be determined ac-
curately throughout the tumor vasculature in all three imaging series.

Consecutive measurements of BSTmay give different values, either
because of changes in the blood supply between the measurements
or because of poor experimental reproducibility. The reproducibility
of our measurements seemed to be good, both at the single-pixel level
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(Figure 1) and at the tumor level (Figure 2). Figure 2 refers to two
representative tumors and shows BST frequency distributions re-
corded after a first (Figure 2A) and a second (Figure 2B) injection of
TRITC-dextran. In bothmeasurements, the median BST values of the
tumors were 0.56 and 0.67 second, respectively. Statistical analysis
showed that the BST frequency distributions of the two tumors dif-
fered significantly in median BST and heterogeneity in BST in both
imaging series (P < .01), whereas the BST frequency distributions de-
rived from the first and the second imaging series were not significantly
different for any of the tumors (P > .05). The reproducibility of the
measurements was examined further by subjecting the BST frequency
distributions to pixel-by-pixel subtraction. Both tumors showed sym-
metrical ΔBST frequency distributions with median values of 0.0 sec-
ond (Figure 2C ).
Fluctuations in tumor blood supply were studied by subjecting

five tumors to BST imaging thrice. The median value and the 25/
75 percentiles of the BST frequency distributions derived from each
of the three imaging series are shown in Figure 3A. The BST fre-
quency distributions of tumors 2 to 5 did not change from one im-
aging series to the next, whereas median BST of tumor 1 decreased
from 0.78 to 0.56 second during the first 20 minutes of the obser-
vation period, and then decreased further to 0.44 second during the
following 20-minute interval. To examine the quality of the experi-
ment, we investigated whether the physiological conditions of the mice
had changed between the imaging series by measuring the plasma flow
velocity in the reference vessel. The plasma flow velocity was found to
be 15 to 16 μm/msec for all tumors, and it did not differ among the
imaging series. More particularly, it was verified that the decrease in
median BSTwith time of tumor 1 was not a consequence of physio-
logical changes in the host mouse, because the plasma flow velocity in
the reference vessel in the three imaging series was 15.5, 15.1, and
15.9 μm/msec, respectively. The quality of the BST measurements
was examined further by pooling the ΔBST values obtained by sub-
tracting the BST values of imaging series 1 from those of imaging se-
ries 2 and those obtained by subtracting the BST values of imaging
series 2 from those of imaging series 3, and plotting the data as cu-
mulative ΔBST frequency distributions (Figure 3B). In tumors 2 to 5,
median ΔBST was close to 0.0 second, implying that the number of
pixels in which BST increased from one imaging series to the next was
approximately equal to the number of pixels in which BST decreased.
Thus, in general, the BST measurements complied with the fact that
increases and decreases in BST have to occur at similar frequencies.

Intertumor differences in BST were searched for by pooling the
data from the three repeated BSTmeasurements and plotting the data
as cumulative BST frequency distributions (Figure 3C ). The BST fre-
quency distributions were shifted in time relative to each other, im-
plying that the tumors differed in median BST. Thus, median BST
was significantly higher for tumor 4 than for tumors 1, 2, 3, and 5
(P < .01), significantly higher for tumor 5 than for tumors 1, 2, and
3 (P < .01), and significantly higher for tumor 2 than for tumors 1 and
Figure 1. (A) The vascular network of an A-07-GFP window chamber tumor subjected to BST imaging thrice. Five single-pixel ROIs, repre-
senting the reference vessel (ROI 1) and four tumor vessels (ROIs 2–5), are indicated in the image. Scale bar, 1 mm. (B–D) Background-
subtracted fluorescence intensity versus time curves for the five ROIs indicated in the image. The curves refer to the first (B), second (C),
and third (D) injections of contrast. Red vertical lines indicate the point of time when the fluorescence intensity in the reference vessel was
highest (i.e., BST = 0.0 second).
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3 (P < .01). Moreover, the slope of the curves differed among the tu-
mors, implying that the intratumor heterogeneity in BST varied from
one tumor to the next. Thus, the intratumor heterogeneity in BSTwas
significantly higher for tumor 1 than for tumors 2 to 5 (P < .01) and
significantly lower for tumor 5 than for tumors 1 to 4 (P < .01).

Examination of the BST images derived from the triple imaging ex-
periment revealed that the spatial heterogeneity in BST differed among
the tumors. All tumors showed BST hot spots (i.e., tumor subregions
with very low BST values). The hot spots appeared in the same tumor
region in all three BST images, but the number of hot spots differed
Figure 2. Two A-07-GFP window chamber tumors were subjected
to BST imaging twice. (A) The BST frequency distributions of the
tumors derived from the first imaging series. (B) The BST frequency
distributions of the tumors derived from the second imaging series.
(C) The ΔBST frequency distributions of the tumors, produced by
pixel-by-pixel subtraction.
Figure 3. Five A-07-GFP window chamber tumors were subjected
to BST imaging thrice. (A) Median BST and the 25/75 percentiles of
the BST frequency distributions derived from each of the three im-
aging series. (B) Cumulative plots of the ΔBST frequency distribu-
tions of the five tumors. The ΔBST frequency distributions were
obtained by pooling the ΔBST values obtained by subtracting the
BST values of imaging series 1 from those of imaging series 2 and
those obtained by subtracting the BST values of imaging series 2
from those of imaging series 3. (C) Cumulative plots of the BST fre-
quency distributions of the five tumors. The BST frequency distribu-
tions were obtained by pooling the BST values derived from each of
the three imaging series. The cumulative plots were based on 2 ×
104 to 4 × 104 ΔBST (B) or BST (C) values. Sigmoidal curves were
fitted to the data by regression analysis.
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Three main types of temporal heterogeneity in BSTwere observed,
and the underlying mechanisms were not necessarily the same. First,
global and homogeneous changes in BST (i.e., similar changes in
the entire vascular network) were seen in one of the five tumors,
and this tumor was supplied by a single arteriole. Because the causes
of BST changes are likely to be found upstream of the site of the
changes, the BST changes in this tumor were probably induced by
the tumor-supplying arteriole. Previous studies have revealed that va-
somotor activity can provoke extensive changes in the diameter of
tumor-feeding vessels [13]. Vasomotion in afferent arterioles is asso-
ciated with complex fluctuation patterns, and it has been observed
that arteriolar vasomotion correlates well with temporal heterogene-
ities in tumor blood flow and oxygen tension [13]. Our study con-
firmed that vasomotor activity can occur in tumor-supplying vessels,
and for tumors having only one feeding arteriole, the downstream
effects of arteriolar vasomotion are expected to be extensive. Taken
together, our observations suggest that global and homogeneous
changes in BSTmay occur in tumors having a single supplying arte-
riole and that these BST changes are caused by vasomotor activity in
the supplying arteriole.

Second, regional changes in BST (i.e., homogeneous changes in
BST within two or three subregions of tumors) were observed, and
the BST changes in different tumor subregions were, in general, not
coordinated. Blood supply time changes of this type occurred in
tumors having two or three supplying arterioles and were most likely
caused by temporally uncoordinated vasomotor activity in the tumor-
supplying arterioles. However, complete or partial compression of a
tumor-supplying arteriole, as illustrated in Figure 6C , may also lead
to regional changes in BST. It has been suggested that increased me-
chanical pressure induced by active tumor cell proliferation may cause
such compressions [14].

Third, changes in BST in individual tumor vessel segments were
observed. It is well known from several studies that the blood flow in
tumor microvessels may show unstable velocity, intermittence, and re-
gurgitation, a functional abnormality that most likely is a consequence
of morphologic and architectural abnormalities in the vascular net-
work [13]. Several mechanisms have been suggested, including micro-
vessel compression caused by proliferating tumor cells [14] and
microvessel obstruction caused by circulating tumor cells and/or leu-
kocytes [13]. Our study demonstrated unequivocally that circulating
leukocytes can cause intermittent obstructions in tumor microvessels
(Figure 6A) and that the blood flow can pulsate and change direction in
tumor venules (Figure 6B). Such incidents obviously cause BST
changes in isolated vessel segments. However, the biologic conse-
quences are probably modest compared with those generated by arte-
riolar vasomotor activity.

The BST images showed that the tumor tissue was supplied with
blood from only one to three arterioles and thus experienced an in-
adequate arteriolar supply. This is not a unique feature of A-07-GFP
window chamber tumors but a feature that A-07-GFP tumors have
in common with many rodent and human tumors [1]. In tumors
having a limited number of supplying arterioles, large tissue regions
are supplied with blood from the same arteriole. Consequently, the
erythrocytes may be depleted of oxygen on their way through the
vascular network from the supplying arterioles to the tumor micro-
vessels, giving rise to a phenomenon known as longitudinal PO2

gradients [1]. It has thus been demonstrated that the intravessel
oxyhemoglobin saturation is close to zero in large regions of many
human and experimental tumors, including A-07 tumors [15–18],
suggesting that the tumor tissue in these regions experiences hyp-
oxia. Because the erythrocyte velocity is similar to or lower than the
plasma velocity in tumor vessels [19], vessel segments showing high
BST values have a high probability of carrying deoxygenated blood,
and tumor tissue surrounding vessel segments having BST values
above some threshold value has to be hypoxic, independent of
the red blood cell flux [7]. The present observations that tumors
may have a limited number of supplying arterioles and that the
BST may fluctuate in large tumor regions because of vasomotion
in the arterioles suggest that the development of hypoxic regions
in tumor tissue is a highly complex and dynamic process. The com-
monly used distinction between diffusion-limited chronic hypoxia
and perfusion-limited transient hypoxia is, therefore, too simplified
to give an adequate description of the mechanisms leading to the
development of hypoxia in tumors.

In summary, a novel method for mapping the spatial and temporal
heterogeneity in blood supply in whole tumors growing in window
chambers is reported, and studies of A-07-GFP tumors revealed that
tumors can show significant heterogeneity in BST. The spatial hetero-
geneity is determined primarily by the number of tumor-supplying
arterioles and their location in the tissue. The temporal heteroge-
neity can involve the entire tumor, tumor subregions, or single vessel
segments and may be a consequence of vasomotor activity in the
tumor-supplying arterioles, mechanical compression of vessel walls,
and vessel obstruction caused by circulating white blood cells.
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