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Chapter 6

Measuring Vascular Permeability In Vivo

Eelco F.J. Meijer, James W. Baish, Timothy P. Padera, and Dai Fukumura

Abstract

Over the past decades, in vivo vascular permeability measurements have provided significant insight into 
vascular functions in physiological and pathophysiological conditions such as the response to pro- and anti-
angiogenic signaling, abnormality of tumor vasculature and its normalization, and delivery and efficacy of 
therapeutic agents. Different approaches for vascular permeability measurements have been established. 
Here, we describe and discuss a conventional 2D imaging method to measure vascular permeability, which 
was originally documented by Gerlowski and Jain in 1986 (Microvasc Res 31:288–305, 1986) and further 
developed by Yuan et al. in the early 1990s (Microvasc Res 45:269–289, 1993; Cancer Res 54:352–3356, 
1994), and our recently developed 3D imaging method, which advances the approach originally described 
by Brown et al. in 2001 (Nat Med 7:864–868, 2001).

Key words Vascular permeability, Intravital fluorescence microscopy, Vascular normalization, 
Multiphoton microscopy

1  Introduction

Measurements of transvascular transport have been proven invaluable 
in studying numerous in  vivo processes and their regulation, 
including pro- and anti-angiogenic signaling, as well as vascular 
abnormalities and their putative normalization in disease states like 
cancer and inflammation [5]. It has been shown that abnormal 
tumor vasculature can be remodeled towards a more normal pheno-
type (“normalization”) by restoring the proper balance of pro- and 
anti-angiogenic signaling pathways, improving vascular function 
[6], and delivery of therapeutics [7]. There are two different types of 
transport for molecules to extravasate across the blood vessel wall—
convection and diffusion [5]. Convection is an active transport 
defined by a driving force–pressure gradient and a resistance–hydrau-
lic conductivity such that Convection p v i v i= ( ) ( ) L S P P s p p , 
where Lp = hydraulic conductivity of vessel (cm4/s-mmHg); S = sur-
face area per unit volume (cm2/cm3), Pv; Pi = vascular and interstitial 
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pressures; s = osmotic reflection coefficient, pv; and pi = vascular and 
interstitial osmotic pressures (mmHg). On the other hand, diffusion 
is a passive transport defined by concentration gradients and perme-
ability such that Diffusion v i= ( )PS C C , where P = vascular perme-
ability (cm/s); S = surface area per unit volume (cm2/cm3), Cv; and 
Ci = concentrations in vascular and interstitial space (mol/cm3). 
Tumor vessels are leaky which elevates tumor interstitial fluid pres-
sure. While the extravagated fluid can escape (ooze out) from the 
tumor periphery, it builds up inside the tumor mass. Therefore, the 
pressure gradient across a vessel wall is diminished in tumors making 
convective transport less important and diffusion the dominant 
transport mechanism in solid tumors [8]. In this chapter, we discuss 
tumor transvascular transport measurements which is referred to as 
the effective permeability. It includes the dominant diffusive compo-
nent (intrinsic permeability) as well as the less important convective 
component [5]. Effective permeability is a principal parameter to 
understand functionality of blood vessels and especially in tumors, 
one of the most important parameters [5, 6].

Early methods for estimating vascular permeability using 2D 
imaging data were formulated by Gerlowski and Jain in 1986 [1] 
and further developed in the early 1990s by Yuan et al. [2, 3]. This 
approach relies on the estimates derived from temporal alteration 
in total fluorescence intensity as well as vascular morphologies 
obtained from superficial aspects of tissue using intravital fluores-
cence microscopy. Around a decade later, a 3D approach was 
developed by Brown et al. [4] using multiphoton microscopy [9]. 
This advanced optical technique allows determining fluorescence 
intensity gradients surrounding individual vessels to calculate local 
permeability with high spatial resolution.

Both the 2D and 3D vascular permeability measurement meth-
ods are based on the same general principles. If pressure-driven 
transport can be neglected in a region of interest (ROI), as is often 
the case in disease states such as tumors, the apparent vascular per-
meability P may be calculated from P J S C= / , where J is the 
rate at which a solute material is transported across a membrane of 
area S due to the concentration difference across the membrane 
∆C. The most common approaches to measuring J, S, and ∆C 
involve three related but distinct steps. The first is establishment of 
a known concentration difference between the inside and outside 
of one or more blood vessels (∆C). Image-based methods are used 
to observe the concentrations inside and outside of the vessel wall 
where the concentration is taken to be proportional to the observed 
fluorescence level. Right after injecting fluorescent material, the 
concentration outside the vessel wall should be zero. Secondly, the 
surface area of the blood vessel must be estimated (S). Estimates of 
the surface area are derived from the analysis of the vascular archi-
tecture in the image. If the vessel can be assumed to be cylindrical, 
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the surface can be estimated from the length and diameter of the 
vessel. Alternatively, a pixel or voxel counting technique can be 
employed to estimate the surface area if the vascular architecture is 
identified in 3D. Thirdly, the transport rate is determined from 
changes in the fluorescence intensity of the tissue over time. 
Typically, the intravascular and extravascular spaces are taken to be 
different control volumes separated by the membrane. If we assume 
that all of the fluorescent material leaving the blood vessel through 
the vessel wall can be observed in the extravascular space of the 
ROI,

we can represent flux as J
d

dt
C dV

V

= ∫
ex

ex . However, for this

equation to be strictly valid the boundary of the ROI must not offer 
an alternative route in or out. Such conditions might be well approx-
imated if the blood vessels are relatively distant from the ROI bound-
ary, or the boundary is sufficiently typical of adjacent ROIs such that 
material loss at the boundary is balanced by material gain. Accurately 
determining the flux has proven the biggest challenge.

The 2D approach from Yuan et  al. has proven valuable for 
measuring vascular permeability using the principles described 
above (see Table 1 for examples of 2D permeability measurements). 
This technique, however, has several limitations because of its 
many assumptions. Because this method is in 2D, the surface area-
to-volume ratio of vessels collected from a single defocused plane 
on the surface is used to approximate the ratio of vessels in the 
entire ROI that is being imaged. Also, in a fluorescence image, the 
vessel diameter will appear larger than its true value because of 
light scattering, which needs to be corrected for. The actual in vivo 
tissue depth of the ROI being measured may also vary per tissue 
and tumor, depending on the cellular content and fluorescent 
material used. In addition, the vessels are assumed to be of cylin-
drical shape to be able to estimate the surface area of the blood 
vessels. Lastly, any fluorescent material leaking out from tissue sur-
rounding the ROI and residing on top of the tissue will incorrectly 
increase calculated vascular permeability value, leading to measure-
ment error in some samples.

The 3D method using multiphoton microscopy—which can 
achieve greater imaging depths when compared to single-photon 
intravital imaging techniques—described in Brown et al. addressed 
many of the issues described above, but has some disadvantages on 
its own (see Table 1 for examples of 3D permeability measurements). 
This method requires an accurate vessel mask and the quality of the 
multiphoton microscopy images dominates how accurate the vessel 
masking is at greater tissue depths. However, the actual tissue depth 
where light is collected is known using this method and the surface 
area-to-volume ratio is more realistic than the 2D method. In addi-
tion, light scattering adjustments as well as hematocrit value and 
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cylindrical vessel shape assumptions are not needed. Fluorescent 
material residing on top of the tissue can also be selectively avoided.

The formula used by Brown et  al. calculates vascular 

permeability (P) in cm/s as P
t

F rdr

F F Rt

r=
-

=

¥

ò
lim

r
R

v i
®

( )

( )0

d
d

. Derivatives 

should be d/dt not lower case delta. This formula, however, is not 

strictly correct except under fairly restrictive conditions that may 
not be generally met. Correct use of this method requires that a 
roughly cylindrical region exists around a vessel that is influenced 
only by the vessel of interest during the time that is used for 
permeability calculation. In vivo, however, this cylindrical region is 
generally not present because the ROI may include multiple—
tortuous—vessels in close vicinity. Vessels may also be present near 
the edges of the ROI. Altogether, this 3D method yields a more 
realistic measurement of vascular permeability.

A recommended alternative approach would be to use a box-

shaped ROI, using P
t

F dV

F F
=

-

ò
d
d Vext

v i

r

S

( )

( )
 Derivatives should be d/dt 

as used in Kesler et al. [10]. In this approach, the voxels are seg-
mented into three categories, namely those inside the vessel, those 
on the vessel wall, and those outside the vessel. For calculating 
vascular permeability, all vessels are mathematically considered as a 
single vessel. A downside of this approach is that permeability dif-
ferences among single vessels cannot be estimated. However, the 
mean over all vessels should be very well estimated if the vessel 
masking is adequate.

The experimental setup of the 2D method developed by Yuan 
et al. and our recommended alternative 3D approach to measure 
vascular permeability in vivo are discussed in detail below. If exe-
cuted properly, our recommended 3D approach should yield more 
accurate and reliable in  vivo vascular permeability measurements 
than the other methods discussed. The 3D permeability measure-
ments, however, rely heavily on an accurate vessel masking and 
while our vessel masking described below is fairly accurate in a 
range of tissues with high signal-to-noise ratio and low auto-
fluorescence, a different approach for vessel masking may be more 
practically robust if images are obtained with lower signal-to-noise 
ratio or if there is high auto-fluorescence. Comparison between 
permeability measurements obtained with the same method can be 
safely made. However, the comparison of permeability measure-
ments between different methods should be made with caution. 
There should be a common comparator such as measurements 
performed in the same tumor model with the same condition 
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(i.e., size, control treatment) in order to interpret the data properly. 
As discussed above, the difference in surface area-to-volume ratio 
estimation of multiple vessels in a similar ROI between the 2D and 
3D methods will tend to result inherently lower calculated perme-
ability values in the 2D method as compared to that in the 3D 
method. Hence, for the comparison purpose, the 3D measurement 
raw data should be converted to 2D data before the analysis. Finally, 
examples of vascular permeability measurements from the 
E.L. Steele Laboratories using 2D and 3D methods described by 
Yuan et al. and Brown et al., respectively, are summarized in Table 1.

2  Materials

	 1.	General materials: Heating pad or similar device.
	 2.	Ketamine/xylazine mixture 90 mg/9 mg per kg body weight.
	 3.	Fluorescent molecules: 1 % 2,000,000 mol. wt. fluorescein iso-

thiocyanate (FITC)-dextran, 1 % tetramethylrhodamine-
bovine serum albumin (BSA), and 1 % FITC-BSA.

	 4.	301/2 gauge needles.
	 5.	PE10 Polyethylene Tubing.
	 6.	½ cc U-100 281/2 gauge insulin syringes.

	 7.	Graticule slides.

	 1.	The tracer molecules used in this method are 100 μL per 25 g 
body weight 1 % 2,000,000  mol. wt. FITC-dextran and 1 % 
tetramethylrhodamine-BSA.

	 2.	A fluorescence intravital microscope (see Fig. 1) is used with a 
long-working-distance 20 × 0.40 NA objective and a fluores-
cence filter set suitable for FITC and rhodamine, connected to 
an intensified charge-coupled device (CCD) video camera and 
photomultiplier tube.

	 3.	A computer is used to capture the output.
	 4.	The microcirculation is epi-illuminated by a 100-W mercury 

lamp.
	 5.	A 50 % neutral density filter and a heat absorption filter were put 

in the epi-illumination pathway to prevent overheating of tissue.

	 1.	The tracer molecule used in this method is 100 μL per 25 g 
body weight 1 % FITC-BSA.

	 2.	The multiphoton microscope (see Fig. 1) consists of a mode-
locked Ti:sapphire laser and an x–y laser scanner purchased as 
described previously [4]. A Pockels cell is used to allow for 
rapid modulation of laser intensity.

2.1  Microscope 
Setup Measuring 
Vascular Permeability 
in Mice Using 
2D Method

2.2  Microscope 
Setup Measuring 
Vascular Permeability 
in Mice Using 
3D Method
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	 3.	The system also requires non-descanned photomultiplier tubes 
(PMT), a dichroic beam splitter, a digital image and analysis 
station, and a computer with image acquisition software. We 
use a 20 × 0.95 NA or 25 × 1.05 NA water-immersion objective 
(Olympus) and a 525DF100 filter (Chroma) suitable for FITC.

3  Methods

General comment: Make sure that the microscope is in complete 
darkness when imaging.

	 1.	Anesthetize the mouse with a ketamine/xylazine mixture 
90 mg/9 mg per kg body weight. Maintain the animal’s core 
body temperature using a heating pad or similar device.

	 2.	Insert a 301/2 gauge needle into a tail vein, connected to PE10 
Polyethylene Tubing and a ½ cc U-100 281/2 gauge insulin 
syringe filled with 100  μL per 25  g body weight 1 % 
2,000,000  mol. wt. FITC-dextran. Also prepare an insulin 
syringe filled with 100  μL per 25  g body weight 1 % 
tetramethylrhodamine-BSA.

	 3.	Inject the FITC-dextran (MW 2,000,000 or more). Flush the 
Polyethylene Tubing with a small amount of physiologic saline 
for intravenous infusion and leave the needle in the tail vein 
(see Note 1). FITC-dextran is used for vessel marking (see step 
10). It does not easily extravasate into the surrounding tissue 
due to its large molecular weight.

	 4.	Place the mouse and the area to be studied under the intravital 
fluorescence microscope, equipped with the fluorescence fil-

3.1  Measuring 
Vascular Permeability 
in Mice Using 
2D Method

Fig. 1 Schematic representation of the fluorescence intravital microscope (left) and multiphoton microscope 
(right) setups. Fluorescence intravital microscopy and multiphoton microscopy are used for 2D and 3D method 
permeability measurements, respectively. Inverted microscope (left) with popliteal lymph node/lymphatics 
imaging setup is shown. Both inverted and upright (right) microscope with appropriate animal models can be 
used for the permeability measurements. CCD cooled coupled device, PMT photomultiplier tube. This figure 
was generously drawn by Dr. Lance L. Munn, E.L. Steele Laboratories, Boston, MA
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ter set for rhodamine and FITC and a 100-W mercury lamp 
(see Note 2).

	 5.	Acquire an image of the vessels in the area to be studied using 
the CCD camera. Do this by using the fluorescence filter for 
FITC (see Note 3). It is important to settle the location of 
permeability measurement and focus target blood vessels using 
FITC-dextran image as there is little room of adjustment once 
the permeability measurements start (see step 7).

	 6.	Set the fluorescence filter to rhodamine. Use the photomultiplier 
tube to acquire background signal for several seconds and 
make sure that the system is fully operational.

	 7.	Attach the insulin syringe containing tetramethylrhodamine-
BSA. Start measuring the tissue fluorescence using the PMT 
and subsequently inject the tetramethylrhodamine-BSA. Flush 
the Polyethylene Tubing with a small amount of physiologic 
saline for intravenous infusion. Do not exceed 10 s of measur-
ing to avoid photo-damage of the tissue and photo-bleaching 
of the fluorescent molecules (see Note 4). Tetramethylrhodamine-
BSA will start leaking out into the surrounding tissue immedi-
ately. By using narrow band-pass filters the PMT, fluorescence 
of tetramethylrhodamine-BSA, and FITC-dextran are clearly 
separated. Different combinations of two different fluoro-
phores can be used for permeability measurements as long as 
fluorescence spectra are reasonably separated and with the 
proper sets of band-pass filters. In general, longer wavelength 
is preferred for permeability measurement due to reduced 
auto-fluorescence and tissue penetration.

	 8.	Repeat 10 s of signal acquisition every 2 min for up to 20 min.
	 9.	After the last signal acquisition, acquire a second image of the 

vessels in the area studied using the fluorescence filter for FITC 
and the CCD camera. Compare with the image taken at step 5 
and confirm the tissue had no x, y, or z shift.

	10.	Using the images and measurements gathered, vascular perme-
ability (P) can be calculated in cm/s as P = (1 − HT)V/S(1/
(I0 − Ib)·dI/dt + 1/K), where HT is the tissue hematocrit esti-
mated to be 0.19 in tumors [3, 11] and 0.46 in the systemic 
circulation [12], I is the average fluorescence intensity of the 
whole image, I0 is the value of I immediately after the filling of 
all vessels by tetramethylrhodamine-BSA, Ib is the background 
fluorescence intensity, and K is the time constant of plasma 
clearance estimated to be 9.1 × 103 s for BSA [3]. The slope of 
the measurements plotted over time should be normalized, 
where dI/dt becomes (dI/dt)/(I0 − Ib). V and S are the total 
volume and surface area of vessels within the tissue volume 
covered by the surface image, respectively. The volume-to-sur-
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face ratio is calculated as 
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diameter of the nth vessel and Ln is the length of the nth vessel 
corrected by a factor of 0.79 for light scattering in the tissue 
[3]. These vessel diameters and lengths can be manually calcu-
lated from the acquired image of the vessels in the area to be 
studied after injecting FITC-dextran (see Note 5).

General comment: Make sure that the microscope is in complete 
darkness when imaging.

	 1.	Make sure that your multiphoton setup is working correctly 
before you anesthetize your mouse. Use fluorescence filters 
adequate for the material you will be using, in this case 
FITC-BSA. We use a 525DF100 filter. Set Ti-sapphire laser 
wavelength to 780 nm. Set laser power to 60 mW.

	 2.	Anesthetize the mouse with a ketamine/xylazine mixture 
90 mg/9 mg per kg body weight. Maintain the animal’s core 
body temperature using a heating pad or similar device.

	 3.	Insert a 301/2 gauge needle into a tail vein, connected to PE10 
Polyethylene Tubing and a ½ cc U-100 281/2 gauge insulin 
syringe filled with 100  μL per 25  g body weight 1 % 
FITC-BSA.

	 4.	Place the mouse and the area to be studied under the multi-
photon microscope objective. We use a 20 × 0.95  NA or 
25 × 1.05 NA water-immersion objective. Set the focus on the 
most superficial vasculature you can find in the area of interest 
and make sure that the water between tissue and objective is 
not leaking.

	 5.	Inject the FITC-BSA. Flush the Polyethylene Tubing with a 
small amount of physiologic saline for intravenous infusion (see 
Note 6).

	 6.	Start imaging 30 s after injecting FITC-BSA. Arteries show 
fluorescence within seconds after injection; veins can take 
somewhat longer. We use the slowest acquisition to get best 
quality images, 256 × 256  voxels, 74 z slices, and steps of 
1.84  μm obtained with a 25× water-immersion objective. 
For a 20× objective, use z steps of 2.76 μm (see Note 7).

	 7.	Acquire z stacks for up to 20 min (see Note 8).
	 8.	For image analysis, we recommend a box-shaped ROI approach 

containing multiple vessels. Use software to segment voxels 
into three categories: those inside the vessel, those on the ves-
sel wall, and those outside the vessel (see Fig. 2). Calculate vas-

3.2  Measuring 
Vascular Permeability 
in Mice Using 
3D Method
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cular permeability (P) as 
P
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where nwall is the number of voxels making up the vessel walls, 
Fe is the total fluorescence from all exterior points including 
those on the wall, Fv is the mean fluorescence from the interior 
voxels, and Fi is the mean fluorescence from the vessel wall 
voxels (see Note 9).

Fig. 2 Example of 3D method data analysis. (a) Single slice from a multiphoton image z stack of tumor vascu-
lature. (b) Vessel masking from slice presented at a using method “Li” thresholding in ImageJ. (c) Right-top 
graph shows MATLAB results from the same z stack (44 out of 74 slices, z ≈ 81 μm, 8 time points over 15 min, 
images not shown) showing a vascular permeability of 1.55 × 10−6 cm/s. Right-bottom graph depicts the total 
external intensity (Fe, blue line) being the total fluorescence from all exterior points including those on the wall 
and the straight line (green line) being the slope estimated from the first 6 time points to which the blue line 
theoretically should closely adhere to. F fluorescence intensity, Fv mean fluorescence from the interior voxels, 
Fi mean fluorescence from the vessel wall voxels
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4  Notes

	 1.	Insulin syringes are precise and have little syringe dead space.
	 2.	We prefer using a chronic window to keep the area to be stud-

ied in place and allow for chronic imaging without serial lapa-
rotomies and breathing artifacts [13].

	 3.	Take an image with maximum gain that the camera can handle 
without damaging it or before switching off. Do not adjust 
offset or other settings; you can do this later with image pro-
cessing software.

	 4.	Leave the needle in the tail vein attached to the tubing and 
syringe to prevent blood loss.

	 5.	Use a graticule slide to know the actual size of the area and 
vessels you are measuring. Use μm for V/S and K in seconds.

	 6.	Make sure that the area you are imaging is clean. If you are 
using imaging windows with a cover slip, replace the glass 
cover slip before imaging if needed. If there is water leakage, 
check if the cover slip is intact and well secured or replace the 
cover slip. Also, be particularly careful to prevent collision 
between your objective and anything that can damage it.

	 7.	Do not adjust the gain, offset, etc. Similar modifications can be 
done after imaging with off-line processing while keeping the 
best quality raw data. We would recommend gathering more z 
slices than you need to be able to correct for any z shift you 
might experience over time. Moreover, check your data for 
pixel saturation. If you are seeing saturation in the fluorescence 
intensity in your data, lower the photomultiplier tube power or 
alternatively lower laser power in future experiments; your data 
will be incorrect and hence (partly) useless otherwise.

	 8.	Stay alert for xy shifts during imaging; you can manually adjust 
these in between data acquisition or use off-line processing to 
correct for this later. If you are seeing intensity loss of the ves-
sels in the field of view, make sure that there is enough water 
between the tissue and the objective. We recommend leaving a 
syringe with water in the vicinity of your objective.

	 9.	We use ImageJ (1.47v, NIH) for vessel masking and MATLAB 
(R2015b, MathWorks) for further data analysis. Use earliest 
data stacks acquired for vessel masking to obtain the most 
accurate mask. Data stacks are converted to binary (ImageJ > P
rocess > Binary > Make Binary > Method “Li”) and a median fil-
ter (Process > Filter > Median > Radius 1 pixel) is subsequently 
used to remove noise and smoothen blood vessel lumen but 
not the vessel wall. The MATLAB script is not added here due 
to page limitations but is available upon request.
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