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Abstract—An automated systerfanET) has been developed to  clinical applications and limits the dose of ionizing ra-
g?”sér“ﬂct i“teraCtivet maps Oé micro;"iscu'?r ”etWO”TS' Ca";watlf diation that can be safely administered to cancer
ood flow parameters, and simulate microvascular networ : . : C i
blood flow using the geographic information systef@lS) pgtlentsg 'quever, the basic mgchanlsms by which ion
technology.ANET enables us to automatically collect and dis- '2IN9 radiation alters the function ar_1d the structure of
play topological, structural, and functional parameters and microvascular networks of normal tissue are not well
simulate blood flow in microvascular networks. The user- understood.
definable programming interface was used for the manipulation | many cases network studies can be facilitated by

of drawings and data. Visual enhancement techniques such a . .
color can be used to display useful information within a net- The development of automated techniques for handling

work. In ANET the network map becomes a graphical interface the large volume of complex data that is usually obtained
through which network information is stored and retrieved and in such studies. In addition, mathematical modeling of
simulations of microvascular network blood flow are carried microvascular network blood flow is an important com-
out. We have usedNET to study the effects of ionizing radia-  ponent of microvascular network studies. Many intravital

tion on normal tissue microvascular networks. Our results in- __.
dicate that while vessel diameters significantly increased with microscopy ~ measurement  procedures have  been

age in control animals they decreased in irradiated animals. The automate®i** and several systems for mapping microvas-
tortuosity of irradiated vesseld6.3+1.1 meartstandard error ~ cular networks have been developed**®> However,

of the mean was significantly different from control vessels general purpose tools for studying the structure of and
(10.0=1.3) only at 7 days postirradiation. Average red blood simulating blood flow in microvascular networks have
cell transit time was significantly different between control not been developed.

(1.6+0.6s) and irradiated (10#75.7 s) microvascular net- . .
works at 30 days postirradiatiomneT provides an effective We have used geographic information syste(@sS)

tool for handling the large volume of complex data that is technology to develop an automated systeweT) for
usually obtained in microvascular network studies and for the study of microvascular network structure and func-
simulating blood flow in microvascular networks. &899 tion. GIS technology normally consists of an organized
Biomedical Engineering SocietyS0090-696499)00501-9 collection of software, hardware, and geographic data-
bases for the capture, storage, retrieval, analysis, and

Keywords—GIS, Digital image processing, Intravital micros- display of spatial dafel® and is commonly used in urban

copy, Microcirculation, lonizing radiation, Physiome Project. pla!’ming, deV?IOpmem' and maintenance. In. such appli-
cations, the city map then becomes a medium through

INTRODUCTION which all relevant information is cataloged, stored, and
retrieved. With additional development, this interactive
In microcirculation, groups of microvessels are ar- system can then be used to study traffic flow, design
ranged in highly specialized, integrative, and adaptive water systems, etc. GIS technology has been imple-
microvascular networks. Microvascular networks are the mented in many software applications including the one
functional units of the microvasculature and their studies used in our system(AUTOCAD Map Release 2.0Au-
are becoming more central to our understanding of the TOcAD, San Raphael, CA
circulatory systeni. Damage to the microvascular net-
works constitutes one of the most important components METHODS
of late effects of radiation damage to many organs in Experimental Procedures
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centrifuge and the labeled RBC fraction was determined
by flow cytometry(Coulter Epics Profile Il, Miami, FL

Measured Values

Measurements of vessel diameter, RBC velocity, and
RBC flux for all vessels within a network were made
using a computerized video image analysis system
(METAMORPH, Universal Imaging, Westchester, PAn
conjunction with a SVHS video recordgiSony SV-
9500MD, Japan A videotaped image of a stage mi-
crometer was used for calibration. Direct measurements
FIGURE 1. Image of a portion of a microvascular network of vessel d-lamete-r were -made O-ff-lme from SVHS-VId-
obtained u'sing the integration feature of a Hamamatsu eotapes using an interactive routine developed within the
chilled CCD camera. METAMORPH environment and automatically logged in a
database. Outside borders of endothelial cells were used
to measure vessel diameter based on the finding that the
precision of the diameter measurements were most af-
fected by focus and edge determinatfon.

RBC velocity measurements were made from fluores-
cent images. An image was acquired and a marker was
placed at the farthest tip of a labeled RBC. The video-
tape was then advanced a set number of frames and a
second image containing the marker was acquired. The

published! Briefly, the cremaster muscles of 7—8 weeks
old [90+5 g, mean-SEM (standard error of the megn
male golden Syrian hamstetBlarlan, Indianapolis, IN
were used to study the effects of ionizing radiation on
microvascular networks at 3, 7, and 30 days postirradia-
tion. A single 10 Gy dose of radiation was locally de-

ccsleratr. The surgical metnods Used were a mocifica.UMDer Of flames (1 framel/30.) advanced was re-
' 9 corded, and the distance traveled by a RBC was mea-

tion of an open cremaster muscle preparation presented . :
by Baez: Red blood cells(RBCS were fluorescently sured and automatically logged in a database. RBC flux

. .14 ’ was measured by counting the number of fluorescently
!abeled W'th Dil: Fluorc_escently labeled RBCs were in labeled RBCs crossing a section of vessel per unit time
jected via a femoral vein catheter.

Microvascular networks were observed using intravi- and dividing by the labeled cell fraction. The average
crovascu W were. vea using Intravi- ., of RBC flux into the network was 5%—15% differ-
tal microscopy techniques. An industrial grade micro-

scope(Nikon MM-11, Japah employing two camera as- ent from the sum of RBC flux exiting the networks.
semblies, bright-field (Opti-Quip 75 W xenoh and
fluorescent(Nikon 150 W mercury light sources was
used. The primary camera assembly was used to record A schematic drawing oRNET as implemented using
bright-field images and consisted of a chilled charge- AuTocAD MAP (Release 2.0, AutoCAD, San Raphael,
coupled device (CCD) camera and controller CA) is presented in Fig. 2. In its current implementation,
(Hamamatsu C5985, JapatJsing an integration feature  ANET consists ofAUTOCAD MAP, macros developed for
of the CCD camera, all the light given off by fluores- linking AUTOCAD to other software, MicrosofExCEL 97
cently labeled RBCs passing through vessels for a setas the external database, and routines\irroLisp and
time period was summed and resulted in the illumination vISUAL BASIC for calculation of various blood flow pa-
of all vessels within a section of the netwotkig. 1). rameterqsee beloy. In addition, acALcOMP Il comput-
These images were later used to create a collage repreerized drawing board and an imaging programiMAGE
sentative of the entire microvascular network. The sec- PLUS, Hitachi Softwarg along with a video frame grab-
ond camera assembly consisted of a CCD can(krEl ber are used to digitize the network maps.
CCD72, Michigan City, IN in conjunction with an in- A feature of AUTOCAD MAP is the ability to automati-
tensifier (MTI GENNSYS, Michigan City, IN). Using a cally establish topological and spatial relationships be-
10X objective lens(Nikon, Japah this assembly was tween all vessels in a digitized network and store them in
used to obtain fluorescent images from which RBC flux an internal database. An external database containing mi-
was measured. RBC velocity was measured using>»a 20 crovascular network parametddiameter, RBC velocity,
objective lens. etc) for all vessels in a network can then be linked to the
Experiments were viewed on a video monitor and digitized map.
recorded on SVHS videotapes for off-line analysis. At Maps of complete microvascular networks were con-
the end of each experiment blood was collected by toe structed from a collage of printed videotaped fluorescent
clip. Systemic hematocrit was measured using a micro- images such as the one shown in Fig. 1. The entire

Microvascular Network Maps
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FIGURE 2. Block diagram of ANET. Arrows indicate flow of
data between the internal and external databases/modules
via the programming interface and query routines. Graphical
attributes of microvessels (e.g., color ) are determined by val-
ues in the internal database; in turn, values in the internal
database can be changed by assigning microvessel at-
tributes through the graphical interface.

network was then digitizedFig. 3) by tracing each ves-
sel on the assembled collage in theToCAD MAP using

a computerized drawing boafdRAWING BOARD lIII, Cal-
Comp. In addition, fluorescent images were digitized
from videotape using a frame grabber and were as-
sembled on-lindv_IMAGE PLUS, Hitachi Software into a
digitized collage representative of the entire microvascu-
lar network. An on-line comparison was made between
the traced network and the digitized collage to ensure
accuracy. To the best of our knowledge, this procedure
cannot be further automated with current technology.

30 Days Post-Irradiation
100um

FIGURE 3. Tracing of an irradiated microvascular network
digitized using ANET. Thickness of lines is approximately pro-
portional to vessel diameters. Numbers indicate vessel iden-
tification (ID). Circles (O) and squares ([J) represent exit and
entrance nodes, respectively. Arrows indicate the direction

of blood flow.
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After a network was digitized, arnUTOCAD MAP
cleanup routine was used to ensure all vessels were prop-
erly connected at their common nodes. A tolerance value
was set which distinguished between common nodes and
neighboring end points. In addition, a second tolerance
value was set to minimize error due to hand tremors
during the tracing procedure. Each vessel was graphi-
cally represented by a polyline consisting of a series of
straight lines connected through vertices. The system
compares the distance between successive vertices in a
polyline to the set tolerance value; the vortex was re-
moved from the polyline if the distance was below the
set tolerance value.

Subsequently, network topology, which establishes
spatial relationships between vessels in a network con-
nected via common nodes, was automatically configured
and recorded in the internal database. For example, the
transit path for a RBC through a network is dictated by
which vessels bifurcate at the downstream node of the
vessel containing the RBC and can be automatically de-
termined from topological and flow parameters contained
in the internal and external databadsse below. The
system has the ability to create objects on different lay-
ers of the drawing which is helpful in storing and ob-
serving selected objeci®.g., vessel identification num-
bers and nodes where created on separate Jayers

Calculation of Microvascular Parameters

A method of queries or searches was used to locate,
display, and export relevant data. First, a query was
performed to display the vessel ID number, and upstream
and downstream nodes for networks such as that shown
in Fig. 3. Second, amuToLISP routine was used to
calculate the tortuositysee belowand number of inflec-
tion points for each vessel in the network and export
these data along with the vessel ID number, upstream
and down stream nodes, straight length, and actual length
of the vessels to an external databdktcrosoft EXCEL
97) with results shown partially in Table 1.

AUTOCAD MAP provides a user-definable programming
interface, based on the@suAL BASIC, C**, or AUTOLISP
programming languages for the manipulation of draw-
ings and data. As an example, the index of microvessel
tortuosity as estimated by Eql) was calculated using
an AUTOLISP routine which exported the tortuosity and
number of inflection points for each vessel within a net-
work into an external databag®licrosoft EXCEL 97):

121 VX —=X- )2+ (Y- Yj-1)?
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TABLE 1. Example of an export file for some of the vessels

in the network shown in Fig. 3. In this case, vessel topology,
straight length (length of the straight line between the up-
stream and downstream bifurcations of a vessel ), vessel
length, calculated tortuosity  [Eq. (2)], and number of inflec-
tion points were exported to an external database via a
query. ID, Nu, and Nd represent the vessel identification
number, and upstream and downstream nodes, respectively.

Straight Vessel Inflection
ID Nu Nd length (um) length (um) Tortuosity points
43 17 29 108.36 126.72 0.06 12
45 21 16 59.76 62.02 0.04 3
46 19 21 20.61 22.29 0.09 1
47 21 24 139.83 186.38 0.12 2
48 32 33 64.36 87.25 0.04 5

wherex; andy; are the coordinates of the vertices in the
polyline representing a vessel.

Applying the AuTocAD data extensionADE) tool,
information contained in the external database was
linked to the graphic interfacenetwork map. Each ves-

sel was associated with a row of data through its vessel

ID. Once completed, a structured query languégéLl)
was used to retrieve information associated with an ob-
ject and display the information both textually and by
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was estimated through each vessel using measured RBC
velocity in that vessel. At each diverging bifurcation, the
probability of a RBC entering a given daughter branch
was calculated based on measured flux rates in both the
parent and the daughter branches. The total transit time
of a given RBC was calculated by summing its transit
times in all vessels it traverses through the network. The
average RBC transit time through the network was then
calculated from transit times of individual RBCs.

RESULTS

While the diameter of the microvessels in the control
animals were found to significantpne way analysis of
variance,P<0.01,n=5 networks, and 364—374 vessels
at each time pointincrease with age, the vessel diameter
in irradiated vessels significantljone way analysis of
variance,P<0.01,n=5 networks, and 364—374 vessels
at each time pointdecreased with age; see Fig. 5. This
is an indication that ionizing radiation interferes with the
normal microvascular maturation process.

Microvascular tortuosity was not found to be signifi-
cantly different between irradiated and control networks
at 3 and 30 days postirradiation. However, irradiated
microvessels were significantl{t test, p<<0.01) more

visual enhancement techniques. For example, the SQLtortuous as compared to control (16.3.1 vs 10.0

was used to retrieve calculated values of vessel wall

shear stress for all vessels in a network and display themmicrovessels have been found

in a color coded schematigd=ig. 4). Vessel wall shear
stress {,,) was calculated using the following equation:

_ 87eVbiood

o @

Tw

where the average velocity of bloo®\,.y is based on

an equation representative of the Fahraeus effect, and the—

effective viscosity of blood 4,) was estimated using a
parametric equation representimgvitro data taking into
account the variations of effective viscosity with dis-
charge hematocrit and vessel diaméter.

RBC Transit Time Simulations

Blood flow can be easily simulated WNET through

+1.3, meartSEM) at 7 days postirradiation. Irradiated
to have irregular
morphology?

Calculated values of vessel wall shear stress for all
vessels in an irradiated network are displayed in a color
coded schematic in Fig. 4. The overall pattern of shear
values was not qualitatively different between irradiated
and control microvascular networks. However, calculated
shear stress values were significantly different between
control and irradiated at 3 days (&D.04 vs 0.1
+0.03 N/nf), 7 days (0.20.04 vs 0.3-0.03 N/nT),
and 30 days (0:80.03 vs 0.4-0.03 N/nf) postirradia-
tion.

RBC transit time in microvascular networks was
simulated usingdNET and the average RBC transit time,
which is an important index of oxygen delivery capacity
in microvascular networks, was estimated. Our results
indicate that RBC transit times in irradiated networks
were not significantly different from that of the control at

the programming interface due to the fact that topologi- 3 and 7 days postirradiation. However, at 30 days postir-
cal and structural parameters of microvascular networks radiation RBC transit times in irradiated networks
are readily available after the network is mapped out as (10.7=5.7 s, meartSEM) were significantly(t test, P
discussed above. As an example, RBC transit time <0.03) larger than that of the age matched controls
through both control and irradiated microvascular net- (1.6+0.6 s).
works were simulated and the average RBC transit time

for each network was determined. In calculating RBC

transit time, the initial position of a given RBC was

determined based on the RBC flux of the entrance ves- An automated systenANET) has been developed to
sels in the network. The transit time of individual RBCs construct interactive maps of microvascular networks,

DISCUSSION
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FIGURE 4. Tracing of the microvascular network shown in Fig. 3 with colors representing calculated vessel wall shear stress
within the network. High to low values of vessel wall shear stress are represented by colors ranging from red to yellow,
respectively. As in Fig. 3, the thickness of the lines is approximately proportional to the vessel diameters.

calculate blood flow parameters, and simulate RBC tran- commercially available hardware and software compo-
sit time using geographic information systeni&lS) nents and is based on the well-developed GIS technol-
technology.ANET can be used to simulate blood flow in  ogy. Because of the large demand for GIS technology
microvascular networks and provides an effective tool based systems, our approach as implementesNiT is

for handling the large volume of complex data that is more likely to remain competitive in the future as GIS

usually obtained in microvascular network studies. technology develops.
Other systems for studying the structure of microvas-  ANET requires an initial investment of time and train-
cular networks have been developed in the past’®  ing to be used effectively. Nevertheless, the gain in ana-

However, all these systems were custom developed forlytical abilities and efficiency well justifies the initial
special applications and none of the systems is able toinvestment of time and effort. The system as imple-
calculate blood flow parameters and simulate blood flow mented in our laboratory will be available to other in-
in microvascular networksaNET is developed using vestigators in the fieldhttp://bme.utmem.edu/circlab).



Use of GIS for Network Studies

]
<
\

////%//

g 7
2 -
15 7
LT
< = - )y — — —
P e -
= 10 ]
g
S

. | | ' K :

0 5 10 15 20 25 30 35

Days Post Irradiation
FIGURE 5. Diameter of microvessels in control animals V)
were found to significantly ~ (P<0.01) increase with age while
vessel diameter in irradiated vessels (@) significantly (p
<0.01) decreased with age. Each data point represents a
mean =SEM diameter of the 364-374 vessels in five net-
works.

In our studies of the effects of ionizing radiation on
normal tissue,ANET was used to study microvascular
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