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Lecture I: Tumor Angiogenesis and Microcirculation


OVERVIEW 
R.K. Jain, “Barriers to Drug Delivery in Solid Tumors,” Scientific American, 271:58-65   (1994). 
R.K. Jain, “Delivery of Molecular Medicine to Solid Tumors,” Science, 271:1079-1080 (1996). 
R.K. Jain, “1996 Landis Award Lecture:  Delivery of Molecular and Cellular Medicine to Solid Tumors,” Microcirculation, 4:1-23 (1997). 
R.K. Jain, “The Next Frontier of Molecular Medicine:  Delivery of Therapeutics,” Nature Medicine, 4:655-657 (1998). 
J.W. Baish and R.K. Jain, “Fractals and Cancer,” Cancer Research, 60: 3683-88 (2000). 
P. Carmeliet and R.K. Jain, “Angiogenesis in Cancer and Other Diseases,” Nature, 407: 249-257 (2000). 
R.K. Jain and P. Carmeliet, “Vessels of Death or Life,” Scientific American, 258: 38-45 (2001). 
R.K. Jain, L.L. Munn, and D. Fukumura, “Dissecting Tumor Pathophysiology using Intravital Microscopy,” Nature Reviews Cancer, 2: 266­
276 (2002). 
R.K. Jain, “Angiogenesis and Lymphangiogenesis in Tumors: Insights from Intravital Microscopy,” Cold Spring Harbor Symposia on 
Quantitative Biology (The Cardiovascular System), 67: 239-248 (2002). 
R.K. Jain, “Molecular Regulation of Vessel Maturation,” Nature Medicine, 9:685-693 (2003). 
R.K. Jain, “Normalization of the tumor vasculature: An emerging concept in anti-angiogenic therapy”, Science 307: 58-62 (2005). 
R. K. Jain, “Antiangiogenic therapy of cancer: Current and emerging concepts,” Oncology (Supplement), 19: 7-16 (2005). 
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Tumor Microcirculatory Preparations
T.E. Dudar and R.K. Jain, “Differential Responses of Normal and Tumor Microcirculation to Hyperthermia,” Cancer Research, 
44:605-612 (1984).
M. Leunig, F. Yuan, M.D. Menger, Y. Boucher, A.E. Goetz, K. Messmer and R.K. Jain, “Angiogenesis, Microvascular Architecture,
Microhemodynamics, and Interstitial Fluid Pressure During Early Growth of Human Adenocarcinoma LS174T,” Cancer Research, 
52:6553-6550 (1992).
F. Yuan, H.A. Salehi, Y. Boucher, U. S. Vasthare, R.F. Tuma and R.K. Jain, “Vascular Permeability and Microcirculation of Gliomas 
and Mammary Carcinomas Transplanted in Rat and Mouse Cranial Windows,” Cancer Research, 54:4564-4568 (1994).

TUMOR MODELS

Isolated Tumor Preparation
P.M. Gullino, “Techniques in Tumor Pathophysiology,” Methods in Cancer Research, 5:45-92 (1970).
E.M. Sevick and R.K. Jain, “Geometric Resistance to Blood Flow in Solid Tumors Perfused Ex Vivo: Effects of Tumor Size and 
Perfusion Pressure,” Cancer Research, 49:3506-3512 (1989).
P.E.G. Kristjansen, S. Roberge, I. Lee and R.K. Jain, “Tissue-isolated Human Tumor Xenografts in Athymic Nude Mice,”
Microvascular Research, 48:389-402 (1994).
J.R. Less, M.C. Posner, T. Skalak, N. Wolmark and R.K. Jain, “Geometric Resistance to Blood Flow and Vascular Network 
Architecture in Human Colorectal Carcinoma,” Microcirculation, 4:25-33 (1997).
M.A. Swartz, C.A. Kristensen, R.J. Melder, S. Roberge, E. Calautti, D. Fukumura, and R.K. Jain, “Cells Shed from Tumors Show
Reduced Clonogenicity, Resistance to Apoptosis, and in vivo Tumorigenicity,” British Journal of Cancer, 81:756-759 (1999).
Y.S. Chang, E. di Tomaso, D.M. McDonald. R. Jones, R.K. Jain and L.L. Munn. “Mosaic Blood Vessels in Tumors: Frequency of
Cancer Cells in Contact with Flowing Blood, ” PNAS, 97: 14608-14613 (2000).
M. Bockhorn, S. Roberge, C. Sousa, R. K. Jain and L. L. Munn, “Differential Gene Expression in Metastasizing Cells Shed from
Kidney Tumors,” Cancer Research, 64: 2469-2473 (2004).
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M. Dellian, B.P. Witwer, H.A. Salehi, F. Yuan, and R.K. Jain, “Quantitation and Physiological Characterization of bFGF and VEGF/VPF 
Induced Vessels in Mice: Effect of Microenvironment on Angiogenesis,” American Journal of Pathology, 149:59-71 (1996).
D. Fukumura, F. Yuan,W. L. Monsky, Y.Chen, and R. K. Jain, “Effect of Host Microenviroment on the Microcirculation of Human Colon 
Adenocarcinoma,” American J. of Pathology, 150:679-688(1997).
R.K.Jain  , K. Schlenger, M Höckel, and F. Yuan, “Quantitative Angiogenesis Assays: Progress and Problems,” Nature Medicine,
3:1203-1208 (1997).
D. Fukumura, R. Xavier, T. Sugiura, Y. Chen, E.C. Parks, N. Lu, M. Selig, G. Nielsen, T. Taksir, R.K. Jain and B. Seed, “Tumor 
Induction of VEGF Promoter Activity in Stromal Cells,” Cell, 94:715-725 (1998).
R. K. Jain, N. Safabakhsh, A. Sckell, Y. Chen, L.A. Benjamin, F. Yuan and E. Keshet, “Endothelial Cell Death, Angiogenesis, and
Microvascular Function Following Castration in an Androgen-Dependent Tumor: Role of VEGF,” PNAS USA, 95:10820-10825 (1998).
T. Gohongi, D. Fukumura, Y. Boucher, C. Yun, G.A. Soff, C. Compton, T. Todoroki and R.K. Jain, “Tumor-host Interactions in the
Gallbladder Suppress Distal Angiogenesis and Tumor Growth: Role of TGFb,” Nature Medicine, 5:1203-1208 (1999).
A.C. Hartford, T. Gohongi, D. Fukumura and R.K. Jain, “Irradiation of a Primary Tumor, Unlike Surgical Removal, Enhances 
Angiogenesis Suppression at a Distal Site: Potential Role of Host-Tumor Interaction,” Cancer Research, 60: 2128-2131 (2000).
R.K. Jain, L.L. Munn, and D. Fukumura, "Transparent Window Models and Intravital Microscopy: Imaging Gene Expression,
Physiological Function and Drug Delivery in Tumors," In: Tumor Models in Cancer Research, B. Teicher, Ed., Humana Press, Inc., 
Totowa, NJ, Chapter 34: 647-672 (2001).
Y. Tsuzuki, C.M. Carreira, M. Bockhorn, L. Xu, R.K. Jain, D. Fukumura, “Pancreas Microenvironment Promotes VEGF Expression and 
Tumor Growth: Novel Window Models for Pancreatic Tumor Angiogenesis and Microcirculation,” Lab Investigations. 81: 1439-1451 
(2001).
W.L. Monsky, C.M. Carreira, Y. Tsuzuki, T. Gohongi, D. Fukumura, and R.K. Jain, “Role of Host Microenvironment in Angiogenesis 
and Microvascular Functions in Human BreastCancer Xenografts: Mammary Fat Pad vs. Cranial Tumors,” Clinical Cancer Research. 
8:1008-1013 (2002).
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D. Fukumura, A. Ushiyama, D. G. Duda, L. Xu, J. Tam, V. K. K. Chatterjee, I. Garkavtsev, and R. K. Jain. “Paracrine Regulation of
Angiogenesis and Adipocyte Differentiation during In Vivo Adipogenesis.” Circulation Research 93: E88-E97 (2003). (Published on line on 
Oct 2, 2003).

N. Koike, D. Fukumura, O. Gralla, J. Schechner, and R. K. Jain, “Tissue Engineering: Creation of long-lasting blood vessels,” Nature, 428: 
138-139 (2004).
R.K. Jain, E.B. Brown, L.L. Munn, and D. Fukumura, "Intravital microscopy of normal and diseased tissues in the mouse.” In: Live Cell
Imaging: A Laboratory Manual (Editors: R. D. Goldman and D. L. Spector). Cold Spring Harbor Laboratory Press, Cold Spring Harbor,
New York, Chapter 24, pp. 435-466 (2004).

TUMOR MICROCIRCULATION
R.K. Jain and K.A. Ward-Hartley, “Tumor Blood Flow:  Characterization, Modification, and Role in Hyperthermia,” IEEE Trans., SU-3:504-
526 (1984).
R.K. Jain, “Determinants of Tumor Blood Flow: a Review,” Cancer Research, 48:2641- 2658 (1988).
E.M. Sevick and R.K. Jain, “Viscous Resistance to Blood Flow in Solid Tumors: Effect of Hematocrit on Intratumor Blood Viscosity,”
Cancer Research, 49:3513-3519 (1989).
J.R. Less, T.C. Skalak, E.M. Sevick and R.K. Jain, “Microvascular Architecture in a Mammary Carcinoma: Branching Patterns and
Vascular Dimensions ,” Cancer Research, 51:265-273 (1991).
P. Vaupel and R.K. Jain (Editors), “Tumor Blood Flow and Metabolic Microenvironment: Characterization and Therapeutic Implications,”
Fischer Verlag, Stuttgart, Germany (1991).
C.J. Eskey, N. Wolmark, C.L. McDowel , M.M. Domach and R.K. Jain, “Residence Time Distributions of Various Tracers: Implications for
Drug Delivery and Blood Flow Measurement in Tumors,” J. of National Cancer Institute, 86:293-299 (1994).
R.A. Zlotecki, L.T  Baxter, Y. Boucher, and R.K. Jain, “Pharmacological Modification of Tumor Blood Flow and Interstitial Fluid Pressure in 
Human Tumor Xenografts: Network Analysis and Mechanistic Interpretation,” Microvascular Research, 50:429-443 (1995).
Y. Gazit, J.W. Baish, N. Safabakhsh, M. Leunig, L.T. Baxter, and R.K. Jain, “Fractal Characteristics of Tumor Vascular Architecture: During 
Tumor Growth and Regression,” Microcirculation, 4:395-402 (1997).
G. Helmlinger, F. Yuan, M. Dellian and R.K. Jain, “Interstitial pH and pO2 Gradients in Solid Tumors In Vivo: High-Resolution 
Measurements Reveal a Lack of Correlation,” Nature Medicine, 3:177-182 (1997).

l

.
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G. Helmlinger, P.A. Netti, H.C. Lichtenbeld, R.J. Melder and R.K. Jain, "Solid Stress Inhibits the Growth of Multicellular Tumor
Spheroids," Nature Biotechnology, 15:778-783 (1997).
J. W. Baish and R.K. Jain, “Cancer, Angiogenesis and Fractals,” Nature Medicine, 4:984 (1998).
D. Fukumura and R.K. Jain, “Role of Nitric Oxide in Angiogenesis and Microcirculation in Tumors,” Cancer and Metastasis Review,
17:77-89 (1998).
G. Griffon-Etienne, Y. Boucher, C. Brekken, H.D. Suit, and R.K. Jain, “Taxane-Induced Apoptosis Decompresses Blood Vessels 
and Lowers Interstitial Fluid Pressure in Solid Tumors: Clinical Implications,” Cancer Research, 59: 3776-3782 (1999)
S. Ramanujan, G.C. Koenig, T.P. Padera, B.R. Stoll and R.K. Jain, “Local Imbalance of Angiogenic and Anti-Angiogenic Regulators: 
A Potential Mechanism of Focal Necrosis and Dormancy in Primary Tumors,” Cancer Research, 60: 1442-1448 (2000).
N. Hansen-Algenstaedt, B.R. Stoll, T.P. Padera, D.J. Hicklin, D. Fukumura and R.K. Jain, “Tumor Oxygenation during VEGFR-2
Blockade, Hormone Ablation, and Chemotherapy,” Cancer Research , 60: 4556-4560 (2000).
C.G. Lee, M. Heijn, E. diTomaso, G. Griffon-Etienne, M. Ancukiewicz, C. Koike, K.R. Park, N. Ferrara, R.K. Jain, H.D. Suit and Y. 
Boucher, “Anti-VEGF Treatment Augments Tumor Radiation Response Under Normoxic or Hypoxic Conditions,” Cancer Research,
60: 5565-5570 (2000).
Y. Tsuzuki, D. Fukumura, B. Oosthuyse, C. Koike, P. Carmeliet and R.K. Jain. “VEGF Modulation by Targeting HIF-1a®HRE®
VEGF Cascade Differentially Regulates Vascular Response and Growth Rate in Tumors,” Cancer Research, 60: 6248-6252 (2000).
C.G. Lee, M. Heijn, E. diTomaso, G. Griffon-Etienne, M. Ancukiewicz, C. Koike, K.R. Park, N. Ferrara, R.K. Jain, H.D. Suit and Y. 
Boucher, “Anti-VEGF Treatment Augments Tumor Radiation Response Under Normoxic or Hypoxic Conditions,” Cancer Research,
60: 5565-5570 (2000).
D. Fukumura, T. Gohongi, A Kadambi, J. Ang, C. Yun, D.G. Buerk, P.L. Huang and R.K. Jain, “Predominant Role of Endothelial
Nitric Oxide Synthase in VEGF-induced Angiogenesis and Vascular Permeability,” PNAS, 98: 2604-2609 (2001).
S.V. Kozin, Y. Boucher, D.J. Hicklin, P. Bohlen, R.K. Jain and H.D. Suit., "VEGF Receptor-2 Blocking Antibody Potentiates 
Radiation-Induced Long Term Control of Human Tumor Xenografts," Cancer Research,  61: 39-44 (2001).
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A.Kadambi, C.M. Carreira, C.-O. Yun, T.P. Padera, D.E.J.G.J. Dolmans, P. Carmeliet, D. Fukumura and R.K. Jain. “Vascular 
endothelial Growth Factor (VEGF)-C Differentially Affects Tumor Vascular Function and Leukocyte Recruitment: Role of VEGF-
Receptor 2 and Host VEGF-A,” Cancer Research, 61: 2404-2408 (2001).

E.B. Brown, R.B. Campbell, Y. Tsuzuki, L. Xu, P. Carmeliet, D. Fukumura, and R.K. Jain, “In Vivo Measurement of Gene Expression, 
Angiogenesis, and Physiological Function in Tumors Using Multiphoton Laser Scanning Microscopy,” Nature Medicine, 7:864-868 
(2001).
D.E.J.G.J. Dolmans, A. Kadambi, J.S. Hill, C.A. Waters, B.C. Robinson, J.P. Walker, D. Fukumura, and R.K. Jain, “Vascular 
Accumulation of a Novel Photosensitizer MV6401 Causes Selective Thrombosis in Tumor Vessels following Photodynamic 
Therapy,” Cancer Research. 62:2151-2156 (2002).
Y. Izumi, L. Xu, E. di Tomaso, D. Fukumura, and R.K. Jain, “Herceptin Acts as an Anti-angiogenic Cocktail,” Nature. 416:279-280 
(2002).
Y. Izumi, E. di Tomaso, A. Hooper, P. Huang, J. Huber, DJ Hicklin, D Fukumura, R.K. Jain and H.D. Suit, “ Responses to Anti-
Angiogenesis Treatment of Spontaneous Autochthonous Tumors and Their Isografts,” Cancer Research. 63: 747-751 (2003) .
F. Mollica, R.K. Jain and P.A. Netti, “A Model for Temporal Heterogeneities of Tumor Blood Flow,” Microvascular Research. 65: 56-
60 (2003).
B.R. Stoll, C. Migliorini, A. Kadambi, L.L. Munn, R.K. Jain, “A Mathematical Model of the Contribution of Endothelial Progenitor Cells 
to Angiogenesis in Solid Tumors: Implications for Anti-Angiogenic Therapy,” Blood, 103: 2555-2561 (2003).
D.E.J.G.J. Dolmans, D. Fukumura, R.K. Jain, “Photodynamic Therapy for Cancer” Nature Rev. Cancer. 3: 380-387 (2003).
T. Padera, B. Stoll, J. Tooredman, D. Capen, E. di Tomaso, and R. K. Jain, “Cancer cells compress intratumor vessels,” Nature, 427: 
695 (2004).
I. Garkavtsev, S. Kozin, O. Chernova, L. Xu, F. Winkler, E. B. Brown, G. Barnett, and R. K. Jain, “The candidate tumour suppressor 
protein ING4 regulates brain tumour growth and angiogenesis,” Nature, 428: 328-332 (2004).
R. T. Tong, Y. Boucher, S. V. Kozin, D. J. Hicklin, and R. K. Jain, “Vascular normalization by VEGFR2 blockade induces a pressure
gradient across the vasculature and improves drug penetration in tumors,” Cancer Research, 64:3731-3736 (2004).
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F. Winkler, S. Kozin, R. Tong, S. Chae, M. Booth, I. Garkavstev, L. Xu, D. J. Hicklin, D. Fukumura, E. di Tomaso, L.L. Munn, R.K. 
Jain. “Kinetics of vascular normalization by VEGFR2 blockade governs brain tumor response to radiation: Role of oxygenation,
Angiopoietin-1, and matrix metallproteinases,” Cancer Cell 6: 553-562 (2004).

M. Stroh, J. P. Zimmer, V. Torchilin, M. G. Bawendi, D. Fukumura, & R.K. Jain. “Quantum dots spectrally distinguish multiple species 
within the tumor milieu in vivo,” Nature Medicine 11:687-682 (2005).
E. di Tomaso, D. Capen, A. Haskell, J. Hart, D.M. McDonald, R.K. Jain, R.C. Jones and L.L. Munn, “Mosaic tumor vessels: cellular 
basis and ultrastructure of focal regions lacking endothelial markers,” Cancer Research 65:5740-5749 (2005).
L. Xu, R. Tong, D. M. Cochran and R. K. Jain, “Blocking PDGF-D/PDGFb  signaling inhibits human renal cell carcinoma progression
in an orthotopic mouse model,” Cancer Research 65:5711-5719 (2005).
S. Kashiwagi, Y. Takeshi Gohongi, Z. N. Demou, L. Xu, P. L. Huang, D. G. Buerk, L. L. Munn, R. K. Jain, and D. Fukumura,” NO 
mediates mural cell recruitment and vessel morphogenesis in murine melanomas and tissue-engineered blood vessels,” Journal of
Clinical Investigation 115:1816-1827 (2005).
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• How do we study drug delivery and  tumor physiology?

• How does host-tumor interaction affect tumor physiology and 
therapeutic response?

• How do we measure tumor blood flow?
– Directly or indirectly
– Microscopically or macroscopically

• How does tumor blood flow compare with normal blood flow?
– Temporally
– Spatially

• What parameters govern tumor blood flow and how do we 
measure them?

Outline
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Understanding Physiological Barriers

Novel Drug

Black
Box

Tumor Regression, Survival

Drug Concentration

Insight into Physiological 
Barriers

Visualization & Quantification

Figure by MIT OCW. After Jain.
Figure by MIT OCW. After Jain. .
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Animal Model

in situ tail lymphatic preparationwindow preparation

acute liver model

tumor

Molecular Probe

In vivo gene 
reporter

activated optical 
probe

enzyme or 
microenvironment

Courtesy of Lance Munn. Used with permission.
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Chronic Windows Preparations
for Intravital Microscopy

Rabbit Ear Chamber

Dorsal Skinfold Chamber Cranial Window

Figure by MIT OCW. Figure by MIT OCW.

Figure by MIT OCW.
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Acute Preparations for Intravital Microscopy

Image removed for copyright reasons.
Source: Jain, R.K., L.L. Munn, and D. Fukumura.  "Dissecting Tumor Pathophysiology using Intravital Microscopy."  
Nature Reviews Cancer 2 (2002): 266-276.

http://cancerres.aacrjournals.org
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Courtesy of the American Association of Cancer Research. Used with permission. Leunig, M., F. Yuan, M. D. Menger, 
 A. E. Goetz, K. Messmer, and R. K. Jain. "Angiogenesis, Microvascular Architecture, Microhemodynamics, and Interstitial Fluid 

Y. Boucher,

 Pressure During Early Growth of Human Adenocarcinoma LS174T." Cancer Research 52 (1992): 6553-6550 
http://cancerres.aacrjournals.org

http://cancerres.aacrjournals.org
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Regression of LS174T by anti-VEGF antibody

Before
treatment 3 days 

Control

Treatment

7 days

Yuan et al. PNAS (1996)Reference:
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Tumor relapse after regression

Courtesy of National Academy of Sciences, U.S.A. Used with permission.�
Source:  Jain, Rakesh K., Nina Safabakhsh, Axel Sckell, Yi Chen, Ping Jiang, Laura Benjamin, Fan Yuan, and Eli 
Keshet. "Endothelial cell death, angiogenesis, and microvascular function after castration in an androgen-dependent 
tumor: Role of vascular endothelial growth factor." Proc Natl Acad Sci 95 (1998): 10820-10825. (c) National Academy 
of Sciences, U.S.A.
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Vessels Induced by Defined-Growth Factors:
Effect of Host Microenvironment

Figure by MIT OCW.  After Dellian et al., 1996.



Koike et al., Nature, (2004)

2M 3M

4M 6M 10M 11M

4 day12h

Creation of long lasting blood vessels2005
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Reference:
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Monitoring Gene Expression In Vivo

Figure by MIT OCW. After Jain.
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Molecular probe
or engineered cells

Computer assisted 
image analysis

Genetically engineered mice &
Tumor models

•Molecular imaging
•Cellular imaging
•Anatomical imaging
•Functional imaging
•Therapeutic response

Dissecting Tumors using Intravital Microscopy

Courtesy of Lance Munn. Used with permission.
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Host-Tumor Interactions

HOST-TUMOR INTERACTIONS

Blood Vessel

Endothelial Cell

Basement Membrane

Basement Membrane

Cancer Cells Host Cells

Interstitial Matrix and Fluid

  Figure by MIT OCW. After Jain, 2003.
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1 week 2 weeks
Bar=500µm

Trans-
illumination

VEGF - Promoter is Activated 
During Wound Healing

Figure by MIT OCW.
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VEGF VEGF -- GFP transgenic mouseGFP transgenic mouse

wild wild -- type tumortype tumor

Figure by MIT OCW. After Jain.
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Fukumura et al., Cell, (1998)

1 week1 week 2 weeks2 weeks

VEGF Promoter is Activated in VEGF Promoter is Activated in Stromal Stromal Cells in TumorsCells in Tumors

Reference:
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Location of activated stromal cells

Images removed for copyright reasons. See: Fig. 2 in Brown E. B., R. B. Campbell, Y. T. Suzuki, L. Xu, P. Carmeliet, D. Fukumura, and 
R. K. Jain. "In vivo measurement of gene expression, angiogenesis and physiological function in tumors using multiphoton laser

  scanning microscopy."  Nature Medicine 7 (2001): 864-868.
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Host cells expressing VEGF migrating in a tumor
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WT VEGF -/-

Stromal cells produce ~50% of VEGF in tumors
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Figure by MIT OCW. After Jain.
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Ectopic (subcutaneous) 
1° tumor

Orthotopic (gallbladder) 
1° tumor

0
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2° tumor size

m
m

2

Days

Orthotopic primary tumor suppresses 
secondary tumor growth

Figure by MIT OCW. After Jain.

Figure by MIT OCW. After Jain.
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Images removed for copyright reasons. See: Fig. 1a in Izumi, Y., L. Xu, E. di Tomaso, D. Fukumura, and R. K. Jain.

       "Tumour biology: herceptin acts as an anti-angiogenic cocktail." Nature 416 (2002): 279-280.
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Izumi et al. Nature (2002)
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Reference:
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• How do we study drug delivery and  tumor physiology?

• How does host-tumor interaction affect tumor physiology and 
therapeutic response?

• How do we measure tumor blood flow?
– Directly or indirectly
– Microscopically or macroscopically

• How does tumor blood flow compare with normal blood flow?
– Temporally
– Spatially

• What parameters govern tumor blood flow and how do we 
measure them?

Outline
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How Do We Measure Blood Flow?
Microscopic Methods

• Flow rate of blood in individual vessels can be measured by 
measuring RBC velocity and cross-sectional area (A): 

– Q = α VRBC A

– α: depends on velocity profile and  relative speed  of RBC / 
plasma. 

– = 0.500    80 < D < 140 mm
– = 0.625    17 < D < 80 mm
– = 0.790    ? <  D < 10 mm

• VRBC can be measured 
– Visually : Anton Van Leeuwenhoek (~1675)
– Photographically
– Opto–Electronically (most common)
– Two-slit method 
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Schematic of Velocity Measurement
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Courtesy of the American Association for Cancer Research. Used with permission. Yuan, F., H. A. Salehi, Y. Boucher, U. S. Vasthare,
 R. F. Tuma, and R. K. Jain. "Vascular permeability and microcirculation of gliomas and mammary carcinomas transplanted in rat and 
mouse cranial windows." Cancer Research 54 (1994): 4564-4568. 

http://cancerres.aacrjournals.org
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Less et al., Microcirculation, (1997)

Reference:
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Macroscopic Methods – Indirect

• Microsphere technique
• Uptake of radioactive tracers (e.g.86Rb;14C/131I-

AntiPyrine)
• Clearance of radio-tracers  (e.g.133Xe;85Kr)
• PET
• NMR
• Ultrasound
• Thermal clearance
• Thermal probe
• Laser doppler
• Plethysmography
• Electromagnetic flowmeter

Jain & Ward-Hartley, IEEE Trans., S-US, (1984);
Vaupel and Jain, (1991); Eskey et al., JNCI, (1994)

Reference:
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• How do we study drug delivery and  tumor physiology?

• How does host-tumor interaction affect tumor physiology and 
therapeutic response?

• How do we measure tumor blood flow?
– Directly or indirectly
– Microscopically or macroscopically

• How does tumor blood flow compare with normal blood flow?
– Temporally
– Spatially

• What parameters govern tumor blood flow and how do we 
measure them?

Outline
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• As tumors grow larger, their average perfusion rate decreases, in
general, due to development of necrotic foci.
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Gullino, (1968)Reference:
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Quantitative Data

• 2-D Tumors (Endrich et al, JNCI, 1979)
• At a fixed time

1) Necrotic zone
2) Semi-necrotic zone
3) Stabilized tumor circulation (A + V's)
4) Advancing front (percolation)
5) Normal tissue
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• Since the fraction of necrotic and semi-necrotic tissue 
increases with growth=> average perfusion rate 
decreases.

• As a function of time
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What Parameters Govern
Tumor Blood Flow?

Q =

Q = Flow rate (Vessel/Tissue)
∆P = Pressure difference between arterial and venous  ends
FR = Flow resistance

= η•Z
η = Apparent viscosity

(Viscous resistance)
Z = Geometrical resistance

∆P
FR



Less, Skalak, Sevick and Jain, Cancer Research, (1991)
Baish and Jain, Cancer Research, (2000)
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Peculiar Branching Patterns of Tumor Vessels

Why is Geometric Resistance High in Tumors?2005

46 Reference:
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Why is Geometric Resistance High in  Tumors?
Tumor vessels can be compressed/collapsed by growing cells
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Can Elevated IFP and Hyperpermeability 
Decrease Tumor Blood Flow?

Netti et al., Microvascular Research, (1996)

flow
stasis

impermeable low permeability

medium permeability high permeability

Reference:
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Metabolic Microenvironment
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• Tumor blood flow is important in tumor growth, 
detection and treatment.

• Various microcirculatory preparations permit an in vivo
look at the tumor blood flow.

• Tumor blood flow is spatially and temporally 
heterogeneous, and depends on the host-tumor 
interaction

• Tumor perfusion rate may decrease with growth.

• Local imbalance of positive and negative regulators of
angiogenesis may contribute to focal necrosis.

• Blood flow is proportional to arterio-venous pressure
difference and inversely related to geometric and 
viscous resistances.

• Both geometric and viscous resistances in tumors are 
higher compared to several normal tissues. 

Summary – I
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Summary – II

• Geometric resistance offered by tumor vessels is higher 
due to their peculiar geometry and branching patterns.

• Tumor vessels may be compressed by growing cancer 
cells and/or interstitial matrix.

• Viscous resistance in tumors is elevated due to 
hemoconcentration.

• Tumor blood flow may be impaired due to high vascular 
permeability coupled with interstitial hypertension.

• Impaired microcirculation can compromise the metabolic 
microenvironment of tumors.  Hypoxia and acidosis can 
induce drug resistance.
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