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Yang J, Yu LX, Rennie MY, Sled JG, Henkelman RM. Com-
parative structural and hemodynamic analysis of vascular trees. Am J
Physiol Heart Circ Physiol 298: H1249-H1259, 2010. First published
January 15, 2010; doi:10.1152/ajpheart.00363.2009.—The availabil-
ity of detailed three-dimensional images of vascular trees from mam-
malian organs provides a wealth of essential data for understanding
the processes and mechanisms of vascular patterning. Using this
detailed geometric data requires the ability to compare individual
representations of vascular trees in statistically meaningful ways. This
article provides some comparisons of geometry and also of simulated
hemodynamics, enabling the identification of similarities and differ-
ences among 10 individual specimens (5 placenta specimens and 5
lung specimens). Similar comparisons made with a series of models
(starting with the simplest and increasing in complexity) enable the
identification of essential features that are needed to account for the
patterns and function of vascular arborization.

microcomputed tomography; vessel morphology; hemodynamics;
lung; placenta

THE DEVELOPMENT of vascular networks is critical for biological
functions. The vasculature is required for the delivery of
oxygen and nutrients to tissues and for the removal of waste
products. To accomplish this, the arborization of the vascula-
ture has developed to distribute blood throughout the tissue so
that all cells are, on average, within 100 wm of a small vessel
(2). This proximity allows for efficient exchange processes. In
the lung, the vascular tree provides a large surface area at the
alveoli to allow for gas exchange. In the placenta, the fetal
vasculature has evolved to present an extensive area for ex-
change with the maternal vascular system. In all of these
functions, the vascular arborization appears in some way to be
optimized for efficiency of function either delivering blood
with minimum work or using minimum materials for the
distribution system (19).

The development of the vasculature must be prescribed in
the genome. However, beyond the major vessels, which are
patterned under tight genetic control, the fine branching is
more stochastic and appears to arise from recursive patterning
rules (17). It is quite clear that the vascular arborization is not
prescribed by a “blueprint.” The apparent self-similar structure
or fractal pattern suggests that the genome provides rules for
branching that are applied repeatedly (8, 13).

It is also clear that vascular patterning can be severely
disrupted by genetic changes and by diseases (10). Changes in
genes that are known to be essential for vascular patterning,
such as VEGF and Tie2, cause highly abnormal patterns of
vascular arborization (5, 11). Disease states, such as cancer,
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present with abnormal vascular patterns including corkscrew
vessels, trifurcations, and atrioventricular shunts (15).

If we want to distinguish abnormal or aberrant vasculariza-
tion, we need to have ways of comparing individual vascular
trees. To do this, we need to be able, given two actual
biological vascular trees, to address the following question:
“Are these two vascular trees effectively the same or are they
different?” To make this comparison in a more than descriptive
and qualitative manner requires the development of statistical
methods for summarizing vascular trees that are meaningful
from a biological and physiological perspective. It is the
purpose of this report to define some of these statistical
summaries.

The question about the equivalence of vascular trees is
becoming much more poignant given developments in three-
dimensional (3-D) imaging that are providing fully 3-D images
of actual biological vascular trees. These 3-D images can be
obtained in vivo using angiography with injected contrast and
X-ray imaging (12) or with flow-sensitized MRI (14). At a
more detailed level, 3-D vascular images can be obtained
in vitro with microcomputerized tomography (micro-CT) after
the injection of a radioopaque contrast agent (3) or with optical
projection tomography (or optical CT) using fluorescently
labeled vascular endothelium (28). These 3-D images are rich
in detail and can be extracted by computer to provide extensive
morphological data for the comparison of actual trees. The
explosion in 3-D vascular images is just beginning and cries
out for meaningful statistical methods of comparison. It is also
likely that further improvements in 3-D imaging and additional
developments in computer representations will make these data
more complete and more valuable in the coming years.

We recognize that the quantitative and comparative analysis
of vascular trees is required to address a number of different
questions in vascular biology and pathophysiology:

First, given genetically identical and normal individuals
(inbred mice) raised in controlled and disease-free environ-
ments, what is the range of variation of statistical abstractions
of these presumably equivalent vascular trees from a particular
organ (7)? Can we determine the “consistant features” of this
group of equivalent vascular trees? How can these features be
related to genes and genetic pathways that are known to be
involved in the control of vascular arborization?

Second, if we consider a different group of vascular ar-
borizations (a different organ, a different inbred strain, or a
different diet) but still a normal and genetically identical set of
vascular trees, are these additional trees distinguishable from
the group in the first question? Do they show the same features
or do they differ in some statistical sense?

Third, if we analyze a group of abnormal vascular trees
[deliberate mutations, mouse models of human disease such as
hereditary hemorrhagic telangiectasia (1), or chronic physio-
logical stress such as high blood pressure (18)] in what statis-
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tically measurable and physiologically meaningful ways are
these trees different? Do these differences arise from the
genetic rule set that builds the original tree or do they result
from secondary remodeling?

Finally, with the growing interest in theoretical models of
the process of vascular arborization as a way of understanding
the biological systems, when can we conclude that a model is
equivalent to a group of actual biological vascular trees? Can
we use a hierarchy of such model building to parse the essential
features of vascular arborization?

This set of questions represents a far-reaching and long-
range agenda for the study of vascular arborization. This report
takes some initial steps at determining measures of statistical
abstraction that we believe are robust, are based on group
averages of equivalent vascular trees, and are physiologically
motivated. However, the abstractions we identify certainly
represent only an initial list and will eventually need to be
expanded. We used measures that we have developed to
specifically analyze five fetoplacental arterial trees and five
pulmonary arterial trees from an inbred strain of mice, looking
for similarities and differences between the two types of trees.
The two organs were chosen for comparison due to their simple
bifurcating trees and primary functions as exchange organs.
We then compared the results of these experimental abstrac-
tions with a hierarchy of increasingly more complicated theo-
retical models, beginning with a simple symmetrical bifurcat-
ing self-similar tree governed by Murray’s law (19) and then
making the models more sophisticated to identify some of the
essential features needed to account for the biologically mea-
sured vascular arborizations. We show that with a relatively
simple model based on both anatomic form and physiological
function that we are able to match many of the features of the
placental tree but that a more complicated two component
model is required to account for some of the structure evident
in the lung vasculature.

MATERIALS AND METHODS

All experimental protocols were approved by and carried out in
accordance with the guidelines set forth by the Animal Care Com-
mittee of the Hospital for Sick Children.

A more detailed description of the experimental methods is pro-
vided in the Supplemental Material but consisted of the following
steps:’

Step 1. Fetoplacental and lung samples (5 each) were prepared by
perfusing the arterial vascular tree, which had been filled with a solid
radioopaque contrast agent (Microfil, Flow Tech).

Step 2. 3-D X-ray micro-CT images were acquired and recon-
structed with volume elements numbering 50—75 million over each
organ. [llustrative CT images of one placenta and one lung are shown
in Fig. 1.

Step 3. Vessel segments and bifurcations were identified automat-
ically by computer and represented as a connected graph of skeleton-
ized centerlines and straight pipes of diameters equal to the computed
mean diameters between adjacent bifurcations.

Step 4. Hemodynamic flow was calculated through this network of
pipes assuming a realistic but representative pressure drop, a laminar
flow pattern, and a correction for blood viscosity at small diameters
(22). From these flow calculations, pressure and wall shear throughout
the whole tree were calculated for each specimen.

! Supplemental Material for this article is available online at the American
Journal of Physiology-Heart and Circulatory Physiology website.
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Fig. 1. Isointensity surface rendering of microcomputed tomography (mi-
cro-CT) images of placenta sample 4 (P4) and lung sample 5 (L5). Scale
bars = 1 mm.

Step 5. Finally, a hierarchal set of five increasingly complex
theoretical models of vascular tree structure and flow were developed
using geometric parameters extracted from the measured micro-CT
images (Table 1) until they accounted for the major features of the
biological vascular tree.

RESULTS

Figure 2 shows pressure distributions calculated over the
five placental and five lung vascular trees. The placental trees
showed strong similarity in shape to each other, although there
was not a simple mapping of the bifurcation structure through-
out the five biological examples. In contrast to the placentas,
the lung vascular trees showed a quite different overall shape,
representative of the shape and structure of lungs. In particular,
the vasculature could be qualitatively divided into feeder ves-
sels, which take blood to each of the lobes of the lung, and then
a distribution arborization, which provides blood to the indi-
vidual alveoli. The feeder vessels represent a fairly reproduc-
ible anatomic pattern in which homologous bifurcations out to
several orders could be recognized on all five samples. How-
ever, the smaller vessels were more stochastic in their pattern-
ing. The pressure distributions were qualitatively similar across
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Table 1. Parameter design for hierarchy models

HI1251

Model Feature Included

Estimated Parameters

Model I Model 11 Model IlI  Model IV Model V Placenta Lung
Murray’s law exponent = 3.0 Yes 3.0 3.0
Diameter of input artery, mm Yes Yes Yes Yes Yes 0.38 £ 0.02 0.74 = 0.12
Two lung ranges, mm Yes Yes Yes Yes Yes d <0.116 and d > 0.116
Segment length-to-diameter ratio Yes Yes Yes Yes Yes 3.1+02 23 *0.1 and 2.6 = 0.2
Experimental branching exponent Yes Yes Yes Yes 35*£02 6.0 = 0.5 and 2.8 = 0.1
Branching asymmetry coefficient Yes Yes Yes 0.15£0.02 0.11 £0.01 and 0.14 = 0.02
Fractional variance of length-to-diameter ratio Yes Yes 26 0.2 14 +0.04 and 1.6 = 0.2

Microcomputed tomography resolution cutoff and variance, %

Yes 0.044 £ 10 0.066 = 10

Values are means = SE. The parameters used for the models were estimated from vasculatures of placentas and lungs. “Yes” represents parameters used for

individual models; d, diameter.

each of the five illustrative examples. In all cases, the pressure
went from high pressure in the inflow vessel to zero pressure at
the outflow vessels. The pressure drop was estimated from the
literature and was nominally set to 1.0 mmHg for the placenta
and 21 mmHg for the lung. The intermediate pressures tended
to correspond similarly to the level of vessel generation from
sample to sample. Because pressure is a continuous variable
throughout the tree (unlike flow or segment number, which are
discontinuous across bifurcations), it can serve admirably as an
ordering principle for subsequent statistical analysis.

Figure 3, top, shows the associated flow patterns for one
fetoplacental vasculature (P4) and one representative lung
(LS). The flow is shown on a logarithmic plot with flow values
ranging over six orders of magnitude for the placental example
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and eight orders of magnitude over the lung. The mean = SD
of the simulated flow in the placentas was 2.7 = 0.5 mm?/s,
whereas the mean = SD of the simulated flow in the lungs was
considerably higher at 210 = 99 mm?¥s. Figure 3, bottom,
shows calculated wall shear stress, which was constrained to
within a factor of threefold in values over both the lung and
placenta, confirming that uniform wall shear is one of the target
objectives of vascular remodeling.

Figures 2 and 3 show patterns of arborization and distribu-
tions of flow, pressure, and shear over the vasculatures of the
placenta and lung in which qualitative differences between the
organs can be appreciated visually. However, it is not yet
possible to quantitatively interpret similarities and differences
between such complex arborized structures. To assist in this

Fig. 2. Pressure distributions over vascular trees of 5 placentas
(P1-P5) and 5 lungs (L1-L5). The inlet and outlet pressures
for placenta were scaled to 1.0 and 0 mmHg, whereas the inlet
and outlet pressures for lungs were scaled to 21 and 0 mmHg.
Scale bars = 1 mm.
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Fig. 3. Flow (log scale) and shear distributions over
vascular trees of P4 and LS. Scale bars = 1 mm.

shear (dynes/cm?)
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flow (mm?/s)

shear (dynes/cm?)

interpretation, we developed statistical summaries and com- allow for easy comparisons between individual vascular trees,

pared these with interpretative models.

2) they give a direct indication of whether or not the vascular

Figure 4 shows cumulative distributions of number of ves- tree is fractal, and 3) they provide a direct readout of the
sels with a diameter larger than the ordinate diameter. Such number of vascular segments that are identified in these mi-
cumulative distributions are useful for several reasons: /) they cro-CT images. For the fetoplacental samples, this corre-

Fig. 4. Cumulative distribution of the number of
segments with diameter d greater than the ordinate
value. Cumulative distributions plots have the ad-
vantage that they are independent of bin sizes and
that they provide a direct visualization of the total
number of vessel segments detected in the tree. Data
are plotted on a log-log scale for the placentas and
lungs with experimental values shown at the top and
model calculations shown at the bortom. There are
35-40 data points for each curve that are uniformly
distributed on the log diameter scale with each step
corresponding to an increase of 1.075. The lines are
straight line segments connecting the data points.
Representations of the data points have been omitted
for clarity. It should be noted that in the model
calculations, the results for model III and model IV
are exactly superimposed and are represented by the
line for model IV. PM I-PM V, models I-V for the
placenta; LM I-LM V, models I-V for the lung.
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sponded to 1,470 = 300 vessels, and for the lung samples, it
corresponded to 4,120 = 1,770. These cumulative distributions
were remarkably similar for samples within each of the two
organs studied. The placental data were approximately a
straight line on this log-log plot until it leveled out at diameters
smaller than ~0.05 mm in diameter. The heterogeneity at the
large vessel end corresponded to the asymmetry factors of the
first few bifurcations. This heterogeneity quickly merged into a
consistent pattern of vessels by ~0.15 mm in diameter, corre-
sponding to 6.5 generations.

The lung data shown in Fig. 4 also showed general similarity
between the five samples. In this organ, the number of vessels
with a size of greater than diameter d was not a straight line on
a log-log plot but had a change in slope at ~0.12 mm in
diameter for all of the lung vascular trees. Again, there was a
leveling out of the distributions when the resolution of the
micro-CT was no longer able to make vessel images that were
segmentable by the computer algorithm.

Figure 5 shows the joint distributions of flow and diameter
for all segments from each specimen. For all examples, the
general trend was that smaller segments have smaller flow but
at any particular diameter there was considerable heterogeneity
over the flow in segments of the same size. Nevertheless, there
was remarkable similarity in the joint distributions of flow and
diameter. As a final summary, the average distribution for the
placenta and lung showed the average of the data over the five
individual samples. In comparing the lung with placental data,
it can be seen that the lung has a large input vessel with a larger
flow and that the smallest limited vessel diameter detected is
larger than that of the placenta and reflects the poorer spatial
resolution achieved in the lung CT images.

Figure 6 shows model flow and diameter distributions of
placenta and lung which are discussed later.

Figure 7, top, shows the calculation of shear that was shown
qualitatively in Fig. 3, bottom. In Fig. 7, the average of the
median shears calculated for each of the measured vascular
trees is plotted as a function of pressure throughout the tree. The
choice of pressure rather than diameter for the ordinate has
the advantage that pressure is a continuous variable throughout
the tree including at the bifurcations. The dotted lines in Fig. 7
delimit a band containing 67% of the shear measures over all
individual vessel segments at a particular pressure. This is a
measure of shear heterogeneity from vessel segment to vessel
segment. The green error bars in Fig. 7 represent the SD of the
median shear as a function of pressure over the five samples in
each anatomic structure. These error bars are considerably less
than the SD over vessel segments and demonstrated that
although the individual segments at a given pressure showed
significant variation in shear, on average the shears in the
complete vascular tree systems were remarkably similar. Fi-
nally, the observation from these data is that shear ranges only
over a factor of fivefold for the placenta and lung even though
the flow rates range over six and eight orders of magnitude for
the placenta and lung, respectively. This confirms the well-
known observation that vascular remodeling is adapting vessel
diameters in a way that minimizes the variation of shear over
the whole tree (19). However, it has also been shown that
additional functional controls are needed to account for remod-
eling (20, 21).

In the results discussed so far, we have shown several
statistical summaries of fetoplacental and lung vascular trees.

H1253

Clearly, there could be other paired correlations and even
higher dimensional correlations that could be considered, but
we believe that what we have shown is representative. We have
shown that although the particular details of the vascular tree within
either of these organs can differ considerably, the overall
system properties of the geometry of the tree and the flow
through it are remarkably consistent within samples from the
same organ. We have also shown at several points that there
are qualitative and significant differences between placental
vascular trees and lung vascular trees. However, these similar-
ities and differences remain descriptive at this point. In the next
section, we attempt to understand the features of these statis-
tical summarizes in terms of a hierarchical set of theoretical
models.

Calcuation of vascular properties for a hierachical set of
models. In an attempt to understand the features of the data
shown in Figs. 4, 5, and 7, we calculated the expected values
from very simple through to more complex theoretical models
to ascertain which features are essential in such models to
account for the statistical summaries of the measured data. This
cascade of model complexity is shown in Table 1, and the
models are represented by models 1-5 (MI-MV). The simplest
model of which one can conceive for a self-similar vascular
tree is a symmetric bifurcation of daughter vessels at each
generation with the daughter vessels following Murray’s law
(19). Murray’s law makes the assumption that the diameter of
a parent vessel (dp) is related to the diameters of the two
daughter vessels (d; and d», respectively) according to the
following power-law relationship given by Egq. I:

dy=di + ds (1)

Murray claimed that if the exponent k was equal to 3 then the
vascular tree would have optimal properties in the sense that it
would require minimum energy to distribute blood to the
smallest generation daughter vessels or, alternatively, that the
construction of the tree would require minimal wall material to
build. Such a tree has idealized properties that are self-similar
over scale. Such a simple model tree has only a discrete set of
vessel diameters, as shown in Fig. 4, bottom, for the placenta
and lung (yellow curves). On this logarithmic plot of cumula-
tive number of segments versus diameter, the Murray’s law
model with k = 3 exhibits a stepped function with a slope of
—3 for both the placenta and lung. In all the model calculations
presented in this report, the models are followed for a total of
14 generations, which provides greater detail than is needed for
the subsequent analysis while keeping computer time reason-
able. This simplest model represents the generalized multiscale
character of both the placenta and lung vascular trees but fails
to account for much of the specific structure. In Fig. 6, we can
see this lowest-level model (MI) in terms of the predicted flow
versus diameter distribution. In this different representation,
this simple model again has only discrete data points that
correspond to the 14 generations of the model and for which
the slope of the flow versus diameter is given by 3 on a log-log
plot (29). Again, while this model captures the general multi-
scale nature of the actual vascular trees, it is too simplistic to
model the features of the measured distributions.

For the simplistic Murray’s law (MI), shear can be seen to be
constant for all high pressures in both organs but decreasing
toward the terminal arterioles except for a slight increase for
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Fig. 5. Joint distributions of flow and diameter for placentas and lungs on a log-log scale. There is a single circular point for each vessel segment, but since they
coalesce due to the large number of segments, the distributions are also represented by seven evenly space contours overlaid in red. The “average” distributions
resulted from all the segments in each of the five samples, renormalized by five.
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Fig. 6. Flow and diameter distributions of placenta and lung models on a log-log scale. The red curves represent contours over five independent cases for model
V of the placenta and lung respectively.
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the smallest vessels (Fig. 7, bottom). This decrease is due to the
effective decrease in viscosity at small diameters (22). If the
viscosity was kept constant, shear would also have been
constant, as has been previously reported using Murray’s
model (data not shown).

A somewhat more sophisticated model results from allowing
the exponent in the Murray’s model to take on values derived
from the experimentally measured data. This is represented by
model I (MII). The exponent for the model is extracted from
measurements of the diameter ratios of the parent and two
daughters at each bifurcation over all the branch points in the
five samples of each organ. From these measures, an experi-
mental value of k can be generated for each bifurcation. The
median k for the placental data is 3.5 = 0.2 (Table 1). For the
lung data, as has been pointed out by others (4, 27), there is no
single exponent that accounts for the full range of vascular
diameters. Thus, the exponent of the bifurcation was extracted
from large vessels (diameter > 0.116 mm) to be 2.8 * 0.1 and
for the vessels <0.116 mm to be 6.0 = 0.5. This cutoff was
chosen as the average of the intersections of fitted lines to the
straight sections in Fig. 4, top right.

The effect of using experimental values of k is shown in
Figs. 4, 6, and 7. For the placental model (PMII), the cumu-
lative plot of a number of segments versus diameter now has a
steeper slope of —3.5, which is a better approximation to the
experimental data shown in Fig. 4. In terms of flow and
diameter joint distributions (Fig. 6), the slope of PMII is
steeper and corresponds to a slope of space 3.5. Also, the range
of the diameters is diminished with this higher value of k such
that the smallest vessels at generation 14 are ~0.03 mm in

nominal pressure (mmHg)

diameter. In terms of the model shear shown in Fig. 7, shear is
no longer constant but is larger for the largest vessels and
diminishes in the smaller vessels.

For the lung data, LMII introduces several additional factors,
but these are easy to understand in terms of the model changes.
First of all, the diminished value of & to 2.8 for vessels >0.116
mm in diameter results in a lower slope in the cumulative
distribution plot (Fig. 4, LMII) than had been seen with the
simple Murray’s model. However, the change in slope to a
higher value below 0.116 mm results in a steeper slope in the
cumulative distribution model, which ultimately surpasses the
simple Murray’s model at diameters <0.08 mm. This same
behavior can be seen in Fig. 6 in the flow versus diameter
models, where LMII shows a lower slope from the root vessel
down to 0.116 mm and then a steeper slope beyond this point.
The model shear in Fig. 7 behaves as would be anticipated with
an increasing shear from the root vessel down to 0.116 mm and
then a significantly decreasing shear thereafter, leaving a max-
imum in the shear distribution curve around a pressure of 2
mmHg. In all cases, the choice of a bifurcation exponent
derived from measured values brings the model into closer
agreement with experimental measurements. In addition, the
division of the lung vascular tree into two separate ranges
begins to develop a structure that more closely resembles the
bilinear shape of the number of segments versus diameter in
the experimental lung data. However, this model still has only
discrete possible diameters and does not allow for enough
variation to account realistically for the measured flow patterns
in particular.
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A more realistic model can allow for asymmetric daughters
at every branching point (24). This additional variation is
added in model III (MIII) where the variance in the asymmet-
rical branching ratio is measured from the experimental data
and values are shown in Table 1. The most obvious effect of
this increase in model complexity is that the simulated data are
no longer discrete, resulting in a continuous distribution of
diameters. [It should be noted that the results of MIII are
coincident with those of model IV (MIV).] This can clearly be
seen in Fig. 4, bottom, in which MIII maintains much of the
shape and slope of MII but fills in the step function with a
continuous spread of diameters. This can also be seen in Fig. 6,
in which the flow versus diameter now becomes a continuous
band tracking the discrete data points in MII and also gener-
ating many more small-diameter vessels below the limit of
vessels in MII. This is because as branches become asymmet-
ric, the smaller diameter branches continue to bifurcate into
even smaller branches in a cumulative nature. This cumulative
bias toward smaller branches also accounts for the curvature at
low diameters seen in both the placental and lung models of
MIII in Fig. 4. This asymmetrical branching makes the model
more realistic but still fails to account for the variability in the
flow at a particular diameter size as seen in Fig. 6 compared
with the measured data in Fig. 5. That is, the flow versus
diameter distributions for MIII remains within a tight band
with a little additional scatter at the low end due to the small
diameter correction for blood viscosity.

At the next level of complexity we allow, at any particular
diameter, for variation in the length of the vessel segment. Up
to this point in the calculation, the length has been strictly
proportional to the diameter, with the ratios given by the
experimentally derived mean length to diameter ratio 8 (as
shown in Table 1). Now, the variation in length for a given
diameter is extracted from all the segments in the measured
micro-CT data trees. The measured variation is described as
o7 in Table 1. The effect of this variation in length can be
seen most clearly in Fig. 6, where MIV shows considerably
more heterogeneity in the flow at each vessel diameter for the
placental and lung model. This modification certainly brings
the model data much more in line with the measured distribu-
tions for the five placenta and five lungs. This addition of
variable length has no effect on the cumulative distributions
shown in Fig. 4 since the number of segments of each diameter
remains the same. Thus, the curves for MIII and MIV remain
superimposed in Fig. 4.

The final adjustment to the models does not change the
fundamental nature of the model but adapts the model data to
those measured with a micro-CT system of limited resolution.
The modeling up to level MIV allows for extremely small
vessels limited only by the 14 generations that were calculated.
However, vessels smaller than a certain size cannot be detected
by the micro-CT system and, therefore, are not included in the
simulated experimental data. This can be appreciated in the
cumulative number of segments versus diameter graphs in Fig.
4, top, where experimentally these graphs plateau to the left of
a finite diameter. This “loss of detectability” is modeled as a
random process in which the probability of detection as a func-
tion of diameter is given by an error function with a half-value
set to twice the effective resolution of the micro-CT (16). The
slope of the error function is governed by a variance, which
was set somewhat arbitrarily to 10% of the cutoff value. These
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additional model parameters are shown in Table 1 and are
model V (MV). This detectability threshold effectively prunes
small vessels from the model trees, which can be seen in the
cumulative distributions as a plateauing of the number of
segments at diameters less than the cutoff value. This can also
be seen even more dramatically in Fig. 6 in the removal of
small-diameter vessels from the flow versus diameter distribu-
tions. This pruning of small vessels also has a qualitative effect
on the modeled flow versus diameter. When a vessel is re-
moved from the modeled distribution, because it is deemed not
to have been detected by the micro-CT system, this changes in
subtle ways the complete pattern of flow. Thus, the particular
segment with a diameter and flow as shown in Fig. 4 is not just
deleted but the whole flow distribution must be recalculated.
This yields the results shown in Fig. 6 (MV results), in which
the small vessels are no longer detected but the flow distribu-
tion is broadened for the smallest remaining vessels. This is a
fundamental limitation from the use of a micro-CT system,
which is not able to detect vessels down to the capillary level.
It also becomes a fundamental limitation on the measured flow
distributions in the vascular micro-CT images. Thus, to make
the data comparable between the micro-CT biological data and
the model simulations, this effect needs to be taken into
account.

Overall, MV takes into account sufficient features that pro-
vide simulated data that very closely correspond to the mea-
sured data for both the placenta and lung. In Fig. 4, the
cumulative distributions for the placenta generated by MV
would be indistinguishable from the cluster of experimental
measurements represented by P1 to P5. The same conclusion
can be reached for the lung model (LMV), which lies nicely
intermediate within the range of data represented by experi-
ment measures L1 to L5. In terms of the flow distributions, the
final frame, consisting of red contours in Fig. 6 for both the
placenta and lung, is very similar to that obtained experimen-
tally in the final frames in Fig. 5. There are some minor
variations in that there appears to be a slight hump on the top
left of the placental model distribution compared with the
experimental average. This is not accounted for at this level of
modeling, and no explanation is provided. Additionally, the
distribution for the lung model has less low flow in small
vessels than was measured in the experimental average shown
in Fig. 5. Again, the cause for this flow discrepancy has not
been established at this time. It may arise from some margin-
ally detected terminal vessels in the micro-CT data having
erratic walls, which lead to more restricted simulated flows.

In Fig. 7, the distributions of wall shear versus pressure
exhibit minor changes due to the deletion of small vessels but
maintain the basic shapes described previously and are reason-
ably consistent with the experimentally derived shear measure-
ments. Most importantly, the range of shear over the whole
trees remains within a factor of two for the MV calculations.

DISCUSSION

In this article, we have shown methods of finding similarities
among features of vascular trees from two organs in genetically
identical mice. We have proposed some statistical summaries
to allow comparisons between individual representations of
these vascular trees as a way of identifying similarities. The
choice of measures that we used are by no means unique or

AJP-Heart Circ Physiol - VOL 298 « APRIL 2010 - www.ajpheart.org

0102 ‘I lequaldas uo 610 ABojoisAyd-ueaydle woiy papeojumoq



http://ajpheart.physiology.org

HI1258

complete. One can tabulate multidimensional scatterplots of
parent and daughter diameters, segment lengths, and branching
angles at every bifurcation in a tree (30). This seems to provide
a very complete geometric statistical summary, but when we
have plotted some of these, the scatter is broad and the
discrimination between same and different is frequently ob-
scured. The challenge, therefore, is to find summary measures
that are closely clustered for identical vascular trees and
markedly different when the trees are not the same. We have
also made use of estimated physiological properties that cor-
respond to the geometric forms of equivalent trees. These
interpret the static idealized trees in terms of flow, pressure,
and wall shear. Even though the calculation methods for
determining these parameters are quite approximate, we be-
lieve that the physiological parameters may be a more mean-
ingful context in which to compare vascular trees in that they
are more closely related to the function of such trees. Using
both the measures of geometry and functional parameters, we
have shown that five measured vascular trees from each of the
placenta and lung show very close similarity to each other. We
have also shown in our simulated models that if we account for
variance of all of the measured parameters, we can generate a
distribution of trees that essentially overlaps that which we
have measured (data not shown). Thus, we believe we have
provided a partial set of reasonable metrics for identifying sets
of vascular trees that are equivalent.

We have also shown that vascular trees from different
organs, even in genetically identical mice, can be recog-
nized as different. The lung vascular trees require a more
sophisticated analysis than the placenta to account for the
features that have been identified experimentally. In our
initial attempts, we tried to model the lung as a single
self-similar structure at all scales but were unable to obtain
meaningful fits to the measured data and, therefore, opted
for dividing the vascular arborization into two different
regimens, which much more appropriately accounted for the
measurements (26). Although the fundamental differences
between the placenta and lung can be recognized in the
analysis that we have presented, we have provided no strict
objective criteria for determining whether two groups of
trees can be regarded as equivalent or whether they must be
deemed to have separate features. However, at a qualitative
level, we have been able to recognize significant differences
between the placenta and lung using the metrics that have
been proposed.

Finally, we have also shown how to use the metrics that we
have proposed to compare the measured vascular trees with
model simulations. Furthermore, we have shown how to add
increasing complexity to the models to provide the features that
are essential to account for the measured data. We believe that
it is this kind of formal comparison between models and
measurements of multiple actual trees that will be essential for
determining the adequacy with which models account for the
features of vascular arborizations. In all of our work, we have
used fairly standard and simple imaging and computer analysis
and flow simulation. Improvements in all of these could add to
greater accuracy and precision in the kind of analysis that we
have shown. In particular, CT imaging with a resolution that
enabled the complete identification of vessels down to capillary
size would give a much more comprehensive picture of the
vascular tree and, hence, more accurate flow calculations,
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including even the venous vasculature. Complete flow calcu-
lations over both the arterial and venous systems would cir-
cumvent the assumption that has been made in this work: that
the smallest detectable arterials all have constant outlet pres-
sure. At the present time, this would require synchrotron light
source-based micro-CT (9) to provide sufficient spatial reso-
lution. While advances in this technology have been impres-
sive, specimen coverage over whole organs has not yet at-
tained. The ability to extract vessels by computer analysis
would also be improved with increased contrast in micro-CT
images. The Microfil contrast agent that we and most other
people use has not been optimized to provide maximum inten-
sities for X-ray CT. Better formulations with higher attenuation
would allow for smaller vessel detection with a higher level of
reliability.

To assess the impact of the micro-CT limit on the minimum
detectability of vessels and the effect of the assumption of
constant pressure at these terminal vessels, we dissected out
one of the lobes of the lung and rescanned it at a nominally X2
higher resolution (the same as the placentas) and directly
compared it with a digitally dissected lobe from the original
data. More small vessels were identifiable, and the cumulative
distribution extended to smaller diameters and larger numbers.
However, within the overlapping range and in the flow, pres-
sure, and shear analysis, the results of the two different reso-
lutions agreed to within the width of the lines on the plots. This
result provides reassurance that the analysis that we have done
is not critically dependent on the limiting resolution of the
micro-CT.

Postprocessing techniques for extracting arborized vessel
structures from microCT information also represent an active
area of image postprocessing (23). Algorithms that yielded
vessel identification at diameters less than the imaging voxel
would considerably enhance our methods. Better methods of
identifying vascular continuity and for bridging over discrete
discontinuities in the micro-CT images would also improve the
analysis. More accuracy in the flow calculation, in particular,
taking into account the exact nature of the bifurcations (25) and
being realistic about flow pulsatility and vessel wall elasticity,
would be helpful. Finally, for the comparison of models with
measured vascular structures, the identification of quantitative
statistical metrics that could determine the adequacy of the
feature set of the models to account for the measurements
would place this kind of analysis on a firmer analytical basis.
Finally, the addition of experimental verification of the calcu-
lated flow patterns would increase confidence in the validity of
this analysis (6). It is anticipated over the next years that
improvements in all of these areas will be forthcoming, en-
abling much more precise determination of the equivalence of
normal and abnormal vascular systems.

In conclusion, we have shown statistical summaries of both
geometric and physiological properties of vascular trees de-
rived from direct measurements of real-world biological sam-
ples taken from two different organs. We have shown, for the
first time, how to use such statistics to distinguish the vascu-
latures of the two organs, taking into account the variance with
each group. Furthermore, we have shown how to use such
comparative analysis to determine the adequacy of theoretical
models of vascular arborization to account for the biological
measurements.
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