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Abstract
Preclinical studies have suggested that interstitial fluid pressure (IFP) is uniformly elevated in the central region of
tumors, whereas clinical studies have revealed that IFP may vary among different measurement sites in the tumor
center. IFP measurements are technically difficult, and it has been claimed that the intratumor heterogeneity in IFP
reported for human tumors is due to technical problems. The main purpose of this study was to determine
conclusively whether IFP may be heterogeneously elevated in the central tumor region, and if so, to reveal possible
mechanisms and possible consequences. Tumors of two xenograft models were included in the study: HL-16
cervical carcinoma and Panc-1 pancreatic carcinoma. IFP was measured with Millar SPC 320 catheters in two
positions in each tumor and related to tumor histology or the metastatic status of the host mouse. Some tumors of
both models showed significant intratumor heterogeneity in IFP, and this heterogeneity was associated with a
compartmentalized histological appearance (i.e., the tissue was divided into compartments separated by thick
connective tissue bands) in HL-16 tumors and with a dense collagen-I-rich extracellular matrix in Panc-1 tumors,
suggesting that these connective tissue structures prevented efficient interstitial convection. Furthermore, some
tumors of both models developed lymph node metastases, and of the two IFP values measured in each tumor,
only the higher value was significantly higher in metastatic than in non-metastatic tumors, suggesting that
metastatic propensity was determined by the tumor region having the highest IFP.
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terstitial hypertension [i.e., elevated interstitial fluid pressure (IFP)]
a characteristic feature of malignant solid tumors [1]. Most
perimental and human tumors show IFP values of 5 to 40 mmHg,
hereas the IFP of most normal tissues ranges from −3 to +3 mmHg
]. Studies of experimental tumors have revealed that high IFP
rrelates with poor and heterogeneous uptake of chemotherapeutic
ents [3,4], resistance to radiation therapy by hypoxia-dependent as
ell as hypoxia-independent mechanisms [5,6], and invasive growth
d lymph node metastasis [7–9]. Clinical studies have shown that
ghly elevated IFP is associated with poor disease-free and overall
rvival rates in locally advanced cancer of the uterine cervix treated
ith radiation therapy or chemoradiotherapy [10–14].
Comprehensive studies of the mechanisms leading to interstitial
pertension in tumors have been carried out, and these studies have
vealed that tumors develop elevated IFP because of impaired
giogenesis, resulting in high resistance to blood flow, low resistance
transcapillary fluid flow, and poor lymphatic drainage [2,4,15].

he microvascular hydrostatic pressure is the principal driving force
r interstitial hypertension in tumors [16]. Fluid is forced from the
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icrovasculature into the interstitium where it accumulates, distends
e extracellular matrix, and causes an elevation of the IFP.
ifferences in IFP between tumors result primarily from differences
microvascular hydrostatic pressure caused by differences in

sistance to blood perfusion (i.e., differences in vessel diameter,
rtuosity, and branching) [15].
Intratumor heterogeneity in IFP has been measured in a few
perimental tumors by using the micropipette technique. In these
udies, a micropipette IFP probe was moved stepwise from the tumor
rface into the tumor center, and the IFP was measured along the
ack [17]. The measurements showed that the IFP is uniformly
evated in the central region of tumors and drops steeply to normal
ssue values at the tumor surface [7,17,18]. Therefore, in most
perimental studies investigating possible consequences of elevated
P in tumors, IFP is measured in a single location in the tumor
nter by using the wick-in-needle method, a method that is more
bust than the micropipette method [2,15]. This strategy requires
at the hydraulic conductivity in the tumor interstitium is
fficiently high to level out possible consequences of any intratumor
terogeneity in microvascular hydrostatic pressure [15].
However, some investigators have made multiple IFP measure-
ents with the wick-in-needle technique in human tumors, and
udies of melanoma [19], colorectal carcinoma [20], cervical
rcinoma [21], and breast carcinoma [20] have suggested that IFP
ay vary from region to region within the same tumor.
nfortunately, data relating the intratumor variation of the IFP
easurements to biological properties of the tumor tissue were not
ovided in any of these studies. Because IFP readings may be
fluenced significantly by multiple needle insertions, measurements
intratumor heterogeneity in IFP with the wick-in-needle method
e technically challenging [22], and consequently, it is possible that
chnical problems may have contributed substantially to the
terogeneity in measured IFP values in human tumors [19–21].
The purpose of the study reported in this communication was to
termine conclusively whether tumors may show significant
terogeneity in IFP in the central region, and moreover, to reveal
hether any heterogeneity may have consequences for the assessment
microenvironment-induced tumor aggressiveness. The study was
sed on the hypothesis that heterogeneous IFP in the central tumor
gion, if present, is caused by structures that prevent efficient fluid
w in the interstitial space. Consequently, detailed comparative
udies of IFP and tumor histology were carried out using
perimental tumor models (HL-16 and Panc-1) known to show
gnificant intertumor heterogeneity of the extracellular matrix.
urthermore, to search for associations between heterogeneity in
P and tumor aggressiveness, IFP values of HL-16 and Panc-1
mors were related to their propensity to develop lymph node
etastases.

aterials and Methods

umor Models

Adult (8–12 weeks of age) female BALB/c nu/nu mice, bred at our
search institute, were used as host animals for xenografted tumors.
he mice were maintained under specific-pathogen free conditions
d were given sterilized food and tap water ad libitum. The HL-16
rvical carcinoma and the Panc-1 pancreatic carcinoma were used as
mor models. The cervical carcinoma model was established in our
boratory [23,24], and late generation HL-16 tumors initiated from
r frozen stock as described earlier were used in this study [25]. The
ncreatic carcinoma model was purchased from the American Type
ulture Collection, VA, USA, and Panc-1 tumors were initiated from
lls cultured in RPMI-1640 (25 mmol/l HEPES and L-glutamine)
edium supplemented with 13% bovine calf serum, 250 mg/l
nicillin, and 50 mg/l streptomycin [26]. Approximately 5.0 × 105

L-16 cells or ~2.5 × 106 Panc-1 cells suspended in 10–30 μl of
anks' balanced salt solution were inoculated intramuscularly into
e left hind leg. Tumor growth was recorded, and tumor volume (V)
as calculated as V = π/6 × a × b × c, where a, b, and c are three
thogonal tumor diameters measured with calipers. Tumors were
cluded in experiments when having grown to volumes of ~1000
m3 (HL-16) or ~500 mm3 (Panc-1). Tumors of this size did not
pair the mobility of the mice. Moreover, intramuscular A-07
mors were used in control experiments [27]. The animal
periments were approved by the Norwegian National Animal
esearch Authority and were conducted in accordance with the
terdisciplinary Principles and Guidelines for the use of Animals in
esearch, Marketing, and Education (New York Academy of
iences, New York, NY, USA).

terstitial Fluid Pressure
IFP was measured in two different positions in the central region of
ch tumor, avoiding any possible influence by the IFP gradient in the
mor periphery (Figure 1A). The measurements were conducted by
ing Millar SPC 320 catheters equipped with a 2F Mikro-Tip
ansducer (Millar Instruments, Houston, TX, USA). Each catheter
as inserted once in each tumor using a hypodermic needle, and after
e insertion, IFP was recorded for several minutes at a single
cation. Before the insertion, the catheters were calibrated by
termining the relationship between measured pressures and
essures imposed by water columns. Before measurements, the
ice were anesthetized with 0.63 mg/kg fentanyl citrate, 20 mg/kg
anisone, and 10 mg/kg midazolam. The body core temperature of
e mice, recorded with a rectal probe, was kept at 37 °C during IFP
easurements by using an adjustable heating pad, thus ensuring
rmal physiological conditions.

istology and Immunohistochemistry
The tumors were resected after IFP was measured and fixed in
osphate-buffered 4% paraformaldehyde immediately after the
section. Tissue sections for histological examinations were cut in a
ntral tumor plane parallel to the mouse flank and stained with
matoxylin and eosin (HE) or immunostained for collagen-I.
munohistochemistry was carried out as described elsewhere by
ing a peroxidase-based assay [28]. An anti-collagen-I rabbit
lyclonal antibody (Abcam, Cambridge, UK) was used as primary
tibody, diaminobenzidine was used as chromogen, and hematox-
in was used for counterstaining. Fraction of collagen-I-positive
ssue was used as a measure of the density of the extracellular matrix,
antified as described elsewhere [29].

ymph Node Metastasis
To search for associations between tumor IFP and lymph node
etastasis, tumor IFP was measured in mice showing highly enlarged
ternal lymph nodes and mice without enlarged external lymph nodes.
he mice were euthanized immediately after the IFP measurement, and
ternal as well as internal lymph nodes were resected and subjected to
tailed histological examination to validate or invalidate the assumed
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Figure 2. Lymph node metastasis. (A) Representative examples of
an enlarged lymph node with metastatic growth and a normal-sized
lymph node without metastatic growth. (B) Histological section
prepared from a representative lymph node with metastatic
growth.

Figure 1.Measurement of tumor IFP. (A) IFP wasmeasured centrally in
the ventral and dorsal halves of intramuscular tumors. (B) Microphoto-
graph showing that A-07 tumors have a homogeneous histological
appearance. (C) IFPmeasured fromtheventral sideversus IFPmeasured
from thedorsal side for A-07 tumors (P b .0001;R2 = .97). Fifteenmice
were included in the experiment. The points represent single tumors.
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etastatic status. Six pairs of lymph nodes (i.e., the popliteal lymph
des, inguinal lymph nodes, proper axillary lymph nodes, accessory
illary lymph nodes, medial iliac lymph nodes, and renal lymph nodes)
ere investigated as described elsewhere [30]. Examples of an enlarged
mph node with metastatic growth, a normal-sized lymph node without
etastatic growth, and the histology of a lymph node with metastatic
owth are presented in Figure 2.
atistical Analysis
The Pearson product moment correlation test was used to search
r correlations between parameters. Curve fitting was conducted by
ear regression analysis. Comparisons of data were carried out by
ing the Student t test. The Kolmogorov–Smirnov method and the
vene method were used to verify normality and equal variance,
spectively. Probability values of P b .05, determined from two-
ded tests, were considered significant. The statistical analysis was
nducted by using the SigmaStat statistical software.

esults
P was measured in two positions in each tumor, from the ventral
d dorsal sides of the host mouse, as illustrated in Figure 1A. The
P values recorded in these positions are expected to be equal in
mogeneous tumors showing low resistance to interstitial fluid flow.
o test this hypothesis, IFP measurements were carried out in A-07
mors, which show a homogeneous histological appearance
aracterized by low cell density and a large extravascular extracellular
lume fraction (Figure 1B). As expected, a strong one-to-one
rrelation was found between the IFP values measured in the ventral
d dorsal halves of the tumors (Figure 1C).
Similar measurements in HL-16 tumors revealed that the IFP values
corded in the ventral and dorsal positions were nearly equal (i.e., IFP
ffered by less than 3 mmHg) in some tumors (Figure 3A) and highly
fferent (i.e., IFP differed by more than 5 mmHg) in others (Figure 3B).
istological examination of HL-16 tumors showed that some tumors
ere homogeneous (Figure 3C), whereas others were divided into 2 to 6

Image of Figure 2
Image of Figure 1
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Figure 3. IFP in HL-16 tumors. IFP measured from the ventral side versus IFP measured from the dorsal side for (A) 15 tumors with a
homogeneous histology (P b .0001; R2 = .97) and (B) 15 tumors with a heterogeneous histology (P = .0042; R2 = .49). The points
represent single tumors. (C) Example of a tumor with homogeneous histology. (D) Example of a tumor with heterogeneous histology,
showing that the tissue was divided into compartments by thick bands of connective tissue.
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mpartments separated by thick bands of connective tissue (Figure 3D).
omparative studies of IFP and histology revealed that the two IFP
lues were nearly equal in the tumors with a homogeneous histology,
hereas the tumors with highly different IFP values showed a
mpartmentalized histological appearance.
The IFP values measured in the ventral and dorsal positions were

arly equal also in some Panc-1 tumors (Figure 4A), whereas other
anc-1 tumors showed highly different IFP values in these positions
igure 4B). Examination of collagen-I-stained histological sections
vealed that the density of the extracellular matrix differed substantially
ong individual Panc-1 tumors. In some tumors, the extracellular
atrix occupied less than 30% of the tumor volume (Figure 4C),
hereas more than 60% of the tissue stained positive for collagen-I in
her tumors (Figure 4D). Measurements of IFP and collagen-I density
the same tumors revealed that the intratumor heterogeneity in IFP
as associated with the density of the extracellular matrix. The two IFP
lues were nearly equal in the tumors with a collagen-I-positive fraction
30%, and the tumors showing two highly different IFP values had a
llagen-I-positive fraction N60%.
To search for associations between IFP and lymph node metastasis,
mor IFP was measured in 10 mice with and 10 mice without highly
larged external lymph nodes (i.e., with or without macroscopic
etastases) of each tumor model. Histological examinations revealed
at one of the HL-16 tumor-bearing mice and two of the Panc-1
mor-bearing mice without macroscopic external metastases had
veloped microscopic lymph node metastases. Two IFP values were
corded in each tumor as shown above, and the lower value did not
ffer between metastatic and non-metastatic tumors in any of the
odels (P N .05 for HL-16 and Panc-1; Figure 5A). The mean of the
o IFP values was slightly higher in metastatic than in non-
etastatic tumors, with P values of borderline significance of .040 for
L-16 tumors and .055 for Panc-1 tumors (Figure 5B). The higher
the two IFP values, on the other hand, was substantially higher in
e metastatic than in the non-metastatic tumors in both tumor
odels (P = .015 for HL-16 and P = .014 for Panc-1; Figure 5C).

iscussion
has been recognized for several decades that tumors develop

evated IFP during growth [31,32]. Mathematical modeling has
ggested that IFP is uniformly elevated in tumors except at the
rface where it drops abruptly to normal tissue values [33]. This IFP
ofile has been demonstrated experimentally in a few rodent and
nografted human tumors [7,17,18]. To avoid breaking the
icropipette probe during the IFP measurements, these experiments
ere carried out with tumors that were soft and had low cell density,
gh fluid content, and uniform histology with sparse extracellular
atrix components. Most likely, the resistance to interstitial fluid
w was low in these tumors as it is in A-07 tumors [7], resulting in a
mogeneous IFP level throughout the central tumor region [2,15].
In the work reported herein, intratumor heterogeneity in IFP was
udied in tumors with an extensive extracellular matrix by using
tramuscular HL-16 cervical carcinoma and Panc-1 pancreatic
rcinoma xenografts as tumor models. The intramuscular site is an
topic site for cervical and pancreatic cancer, and therefore, the
icroenvironment of intramuscular HL-16 and Panc-1 tumors may not
cessarily be similar to the complex microenvironment of human

Image of Figure 3
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Figure 4. IFP in Panc-1 tumors. IFP measured from the ventral side versus IFP measured from the dorsal side for (A) 15 tumors with a sparse
extracellular matrix (P b .0001; R2 = .96) and (B) 15 tumors with a dense extracellular matrix (P = .0023; R2 = .54). The points represent
single tumors. (C) Example of a tumor with a sparse extracellular matrix. (D) Example of a tumor with a dense extracellular matrix.
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rvical and pancreatic tumors. Orthotopic transplantation was not used
this study because accurate positioning of IFP probes requires surface
mors. Intramuscular transplantation was preferred to subcutaneous
ansplantation because subcutaneous HL-16 and Panc-1 tumors, in
ntrast to their intramuscular counterparts, develop large central
croses during growth. Moreover, it should be noticed that the
stological appearance of intramuscular HL-16 and Panc-1 tumors is
ilar to that of cervical and pancreatic tumors in humans [25,30].
IFP is generally higher in intramuscular than in subcutaneous
mors, possibly because the resistance to interstitial fluid flow from
e tumor tissue into the surroundings is higher in muscle tissue than
the subcutaneous space [34]. The IFP values measured in our study
nged from 12 to 48 mmHg (HL-16) and from 13 to 45 mmHg
anc-1). These values are within the same range as those measured in
tramuscular tumor models of several cancer types [34], in transgenic
ouse models of pancreatic carcinoma [35], and in human cervical
rcinoma [10,21].
The current study showed that IFP may differ substantially among
fferent positions within the central region of experimental tumors.
gnificant intratumor heterogeneity in IFP was associated with the
esence of thick connective tissue structures that divided the tumor
renchyma into distinct compartments in HL-16 cervical carcinoma
nografts. In Panc-1 pancreatic carcinoma xenografts, the intratu-
or heterogeneity in IFP was associated with the presence of a dense
llagen-I-rich extracellular matrix. It is highly probable that these
sue stromal elements represented a barrier against interstitial
nvection, thus preventing local differences in IFP from being
veled out by intratumoral fluid flow.
Intratumor heterogeneity in IFP has been studied in several types
human cancer by measuring IFP in multiple sites within the same
sion, and the variation in IFP was reported to be as great as 2–3-fold
most cancer types [19,20]. In a study of 77 cervical cancer patients,
P varied by a factor of up to 15 between different measurement sites
ithin single tumors, and the variation in IFP between and within
mors accounted for 41% and 59% of the total sample variance,
spectively, implying that the intratumor heterogeneity was larger
an the intertumor heterogeneity [21]. In comparison, the ventral
d dorsal IFP values of HL-16 and Panc-1 tumors differed by a
ctor of up to 1.5 only, and there was a significant correlation
tween the two IFP values in both tumor models, suggesting that
mors showing high IFP in one measurement site generally had
veloped high IFP and vice versa.
In previous studies, we have shown that the development of lymph
de metastases is associated with high IFP in the primary tumor in
man melanoma, cervical carcinoma, and pancreatic carcinoma
nografts [7,9,30,36,37]. In those studies, tumor IFP was measured
a single position in the tumor center assuming that IFP was
iformly elevated throughout the central tumor region. The current
udy showed that high IFP is an important determinant of lymph
de metastasis also in tumors having developed barriers against
tratumoral fluid flow. Interestingly, of the two IFP values measured
each tumor, only the higher value was higher in metastatic than in
n-metastatic tumors, suggesting that the metastatic propensity of
L-16 and Panc-1 tumors is determined primarily by the tumor
gion having the highest IFP. This suggestion is consistent with the
oposal that high IFP is associated with high metastatic propensity
cause hem- and lymphangiogenic factors, proteolytic enzymes,
tokines, and other metastasis-promoting molecules are transported
om the primary tumor into peritumoral lymphatics by IFP-driven
ritumoral interstitial fluid flow [38,39].

Image of Figure 4
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Figure 5. Tumor IFP and host metastatic status. IFP was measured in two positions in HL-16 and Panc-1 tumors, and the plots show (A)
the lower, (B) the mean, and (C) the higher of the two IFP values in metastatic and non-metastatic tumors. Twenty mice with HL-16 tumors
and 20 mice with Panc-1 tumors were included in the study. The points represent single tumors. The horizontal lines indicate mean
values.
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Causes and consequences of elevated IFP in tumors have been
udied extensively, and most studies have assumed that the resistance
interstitial fluid flow is low in tumor tissue [1,3,15,40]. The
rrent study suggests that this assumption is not necessarily valid for
mors developing a complex, dense, and heterogeneous stroma. On
e contrary, our study provides significant evidence that interstitial
id flow in tumors can be inhibited by fibrotic stromal components,
sulting in substantial intratumor heterogeneity in IFP. This is an
portant observation, which for several reasons should be taken into
nsideration in future physiological, biological, and therapeutic
udies of cancer. First, barriers against interstitial convection may
ve significant implications for the distribution of all kinds soluble
olecules produced and secreted by cancer and stromal cells as well as
r the distribution of chemical therapeutic agents. Moreover, as
monstrated in this study, relationships between IFP and tumor
etastatic propensity cannot be studied properly without assessing
e intratumor heterogeneity in IFP. Similarly, knowledge of the
tratumor heterogeneity in IFP may be essential in studies
vestigating consequences of interstitial hypertension for tumor
sponse to therapy and clinical outcome.
Accurate measurement of interstitial hypertension in human
mors with IFP probes is technically challenging, time consuming,
d can only be performed for superficial tumors. Significant efforts
e currently being made to develop MRI-based assays for assessment
tumor IFP, and promising assays have been reported [8,41,42].
owever, these assays are in an early stage of development, and
rategies for improving the assays are currently under investigation.
o be of high clinical usefulness, novel MRI-based IFP assays should
capable of providing images mirroring the intratumor heteroge-
ity in IFP.
In summary, the IFP of HL-16 cervical carcinoma xenografts and
anc-1 pancreatic carcinoma xenografts was measured in two
sitions in the tumor center, and the IFP values in these
easurement sites could differ by a factor of up to 1.5 in both
mor models. This intratumor heterogeneity in IFP was associated
ith the presence of stromal structures that may have prevented
ficient intratumoral interstitial fluid flow. The propensity of the
mors to develop lymph node metastases was associated with the
gher but not with the lower of the two IFP values. Intratumor
terogeneity in IFP may have significant implications for tumor
gressiveness and treatment outcome.
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