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Microvascular Architecture within the Pig Kidney Cortex
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Corrosion casts of the plastic (Mercox CI-2B) filled pig kidney cortex vasculature were
sliced either parallel or perpendicular to the kidney surface. Scanning electron microscopy
photographs were taken of the casts. Montages of the photographs were analyzed using a
digitizing tablet and microcomputer-based software. For vessels having diameters larger than
0.05 mm, their sizes, numbers per unit area, and branching patterns were studied with
respect to the kidney cortex depth. Vascular branching diameters and angles within the
cortex compare favorably with those reported for other major vascular systems. The mi-
crovascular dimensions and densities were used to predict the average blood flow velocity
within the kidney cortex. Tt is expected that the results will facilitate a better insight into
the contribution of flowing blood to the hear transfer process in perfused tissues. © 1994

Academic Press, Inc.

INTRODUCTION

The distribution of the major vessels within the kidney is well understood, and
a system of nomenclature for these vessels has been established (Kriz and Bankir,
1988). However, relatively little attention has been given to the detail of the
vascular architecture for vessels whose diameter lies between that of afferent (or
efferent) arteriole and the arcuate vessel,

Blood vessels with diameters in the range of approximately 0.05 and 0.5 mm
typically can not be seen with the unaided eye. Although vessels in this size range
are generally considered too large to be involved in vascular transport, they are
receiving attention in the study of tissue heat transfer (Baish et al., 1986a.b;
Chato, 1991; Chen and Holmes, 1980; Lemons et al., 1987, Weinbaum et al.,
1984). We chose to study the pig kidney because its anatomy is similar to that
of the human kidney, the vascular architecture is well organized, and it is being
used with increasing frequency in tissue heat transfer studies (Benkeser er al.,
1990; Umemura et al. 1992). This report provides a quantitative analysis of blood
vessels within the pig kidney cortex with lumen diameters =0.05 mm.
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Fic. 1. Schematic drawing of slices cut from a pig kidney cortex vascular cast. I and II denote
the directions of cutting to obtain cross and longitudinal sections, respectively.

MATERIALS AND METHODS

We used two female pigs (one Yorkshire and one Duroc) weighing approxi-
mately 90 kg each. Pigs were killed with a captive bolt gun. Kidneys were quickly
removed through a midventral abdominal incision. Each kidney was grossly similar
in appearance (see Fig. 1), measured approximately 15 X 7 X 4 ¢m, and weighed
about 200 g. A standard casting method (Moore et al., 1992) was used to fill the
blood vessels with a low-viscosity blue methylmethacrylate plastic (Mercox Cl-
2B). After injection, the kidneys were wrapped with plastic wrap and left at room
temperature for approximately 4 hr to complete the polymerization process. As
illustrated in Fig. 1, several blocks of the cortex (approx. 1 em X 1 cm X cortex
thickness) were cut from each kidney. Tissue blocks were taken from a region
where the surface of the kidney was very nearly flat, allowing the cross-sectional
cuts to be made essentially parallel to the surface. Each block was cut into slices
either parallel (cross-sectional) or perpendicular (longitudinal; full cortex thick-
ness) to the kidney surface, All slices were corroded in a solution of warm (50°C)
saturated KOH and methanol (80%/20% on volume bases). After 48-72 hr of
corrosion, the casts were carefully rinsed in distilled water for several days, frozen
in distilled water, and subsequently freeze—dried using a standard method (Moore
et al., 1992). The dried slices of vascular casts were prepared for SEM (ISI DS-
130 or ISI-40; 5 kV accelerating voltage) by sputter coating with gold-palladium
and mounting on 1-4" aluminum stubs.

Low magnification views of a typical cross-sectional and longitudinal cut through
the vascular cast are shown in Fig. 2. Twenty to 30 SEM photographs (at about
30 X magnification) were taken in a raster fashion to construct a complete montage
of each cross-sectional slice. All blood vessel casts with diameters =0.05 mm in
the montage at different cortex depths were measured and counted using a dig-
itizing tablet and commercial software (SigmaScan; Jandel Scientific). The par-
ticular arrangement of these blood vessels within the kidney cortex was such that,
with cross-sectional cuts, the vessel casts were cut nearly perpendicular to their
long axis. Thus, in many cases, the cut surface was circular and a single mea-
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Fic. 2. SEM photographs of typical cross-sectional (a) and longitudinal (b) slices from a pig kidney
cortex vascular cast.
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surement revealed its diameter. In other instances, however, the cut surfaces were
not perfectly round due at least in part to the normal arrangement of the sur-
rounding tissue that existed at the time of plastic injection. In these cases, both
the wide and the narrow dimensions were measured and the average was used
to represent the cast diameter.

Montages of the longitudinal slices were made in a manner similar to those for
the cross-sectional shices. The digitizing tablet and software was used to measure
vascular branching locations, as well as parent and daughter diameters within the
cortex. Vessel branching patterns were obtained from 125 digitized vessel bifur-
cations on five different longitudinal montages.

RESULTS AND DISCUSSION

Because of the similarity in shape, overall dimension, and weight, data obtained
from the kidneys of both pigs were considered together for subsequent analysis.
Although the term “blood vessel” or ‘“‘vessel” has been used throughout this
report, it is pertinent to note that the measurements made of an individual vessel
cast reflects the internal (lumen) dimension of the vessel at the time the plastic
injection material hardened. The cortex was found to vary somewhat in thickness
from region to region. Therefore, measurements of depth within a given tissue
block are presented as a percentage (cortex fraction, X;) of the respective full-
thickness cortex. Thus, for example, X; = 0.0, 0.5, or 1.0 represents the cortex
surface, mid-cortex, or the corticomedullary junction (CMJ), respectively.

Table 1 presents the number of vessels (=0.05 mm diameter per mm’ of tissue
seen in cross-sectional SEM montages made at 17 depths within the cortex. For
purposes of analysis, vessels were grouped into 10 ranges with an interval of 0.05
mm. Since arteries could not be distinguished from veins in the SEM mongates,
the number in each range includes both arteries and veins.

Data presented in Table 1 indicate that the outer approximately one-third of
the pig kidney cortex (0.0 < X; <0.35) is devoid of vessels >0.3 mm in diameter.
Approximately 90% of all the vessels within this part of the cortex have diameters
less than 0.15 mm. In the middle portion of the cortex (0.35 < X; < 0.65), Table
1 shows that vessels with diameters in the range of 0.05 to 0.15 mm were distributed
rather uniformly throughout although they are fewer in number (33.5 = 12.2 per
cm’; mean + SD, n = 12) compared to the outer portion (106.2 = 49.3 per
em?’; mean + SD, n = 20). Further, vessels with Jumens 0.3 mm become more
numerous with increasing X;. Proceeding deeper into the inner portion of the
cortex {0.65 < X; < 1.0), vessels having diameters <0.25 mm are seen less
frequently, whereas larger vessels continued to increase in number as the CMJ
is approached. The three-dimensional surface seen in Fig. 3 incorporates data
presented in Table 1 to illustrate the relationship between the number of vessels
per 100 mm? observed within selected diameter ranges at various cortex locations,

When all of the blood vessels {d = 0.05 mm) were considered, the total cross-
sectional area occupied by blood vessels per mm?® tissue was found to increase
with the cortex depth (see Table 1). A linear relationship between the vessel area
fraction (VAF) and the cortex fraction is demonstrated in Fig. 4. The total vessel
number density (TVND) decreases exponentially with X; (see Fig. 5}. A similar
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Fig. 3. A three-dimensional view for the number of vessels per 100 mm® as a function of the
cortex fraction and the vessel size.

relationship has been reported for the vascular branching pattern in the rabbit
thigh muscle (Dagan et al., 1986).

Paired vessels have the potential to facilitate countercurrent tissue heat and
mass exchange. Table 2 reports the number of paired vessels found in cross-
sectional montages at several cortex depths. Vessels were considered to be paired
when their juxtaposed surfaces were separated by no more than the dimension
of the largest diameter of the two vessels. Based on this criteria, however, it is
possible to count two closely spaced branches from the same parent vessel as
paired vessels with the result that the actual numbers of paired vessels per unit
area might be somewhat less than those shown in Table 2. Based on our analysis
of the vascular architecture using longitudinal cuts through the cortex (to be
described later), we estimate that there is less than 10% error in these values.
Comparing the total number of vessels having diameter =0.05 mm in Table 2
with that in Table 1, one can find that some counts are slightly different at
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Fic. 4. The cross-sectional vessel area fraction for vessels having diameters =0.05 mm vs the
cortex fraction. A linear regression of the measured data is shown by the solid line.

corresponding cortex fractions. We attribute the differences to experimental errors
caused by two individuals who made measurements at different times. Analysis
presented in Fig. 6 suggests that a linear relationship exists between the percentage
of vessels which are paired and the cortex fraction; paired vessels occur with

Fic. 5.
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TABLE 2
THE FRACTION OF THE PaIRED VESSELS OBSERVED IN CROSS-SECTIONAL AREA WITH RESPECT TG THE
CoRrTEX FRACTION

Total number Paired vessels

Cortex of vessels

fraction Tissue area having diameter per mm® of
(X3} {mm?) =0.05 mm Number % of Total Tissue
0.12 115.91 264 80 30.3 0.690
0.17 127.91 185 29 15.7 0.227
0.23 148.04 287 62 216 0.41%
0.23 141.14 303 78 25.7 0.553
0.29 11293 169 42 24.9 0.372
0.33 108.00 208 43 20.7 0.398
0.34 102.42 153 31 20.3 0.303
0.36 172.17 175 40 22.9 0.232
0.41 87.09 59 6 10.2 0.069
0.43 141.26 177 37 20.9 0.262
0.50 166.12 192 41 21.4 0.247
0.54 128.44 104 14 13.5 0.109
0.62 115.40 91 11 2.1 0.095
0.68 157.86 100 20 20.0 0.127
0.68 140.11 120 19 15.8 0.136
0.75 172.77 139 19 13.7 0.110
0.85 178.01 106 21 9.8 0.118

increasing frequency as the cortex surface is approached. This finding was con-
firmed by observations made on the full-thickness longitudinal slices through the
cortex. Our data support the conclusion that fewer than 31% of all the vessels
within the pig kidney cortex are paired.

Prior to preparation for SEM viewing, the plastic filling the arteries appeared
darker blue in color than the plastic which had passed into and filled the veins.
The reason for this is unknown, but this difference made it possible to distinguish
arteries from veins in both the cross- and longitudinal sections of the vascular
casts. In additton to the difference in color intensity, the longitudinal views re-
vealed differences in the pattern of branching for the arteries compared to the
veins.

The branching pattern and architecture of the cortical radial artertes defined
by Kriz and Bankir (1988) were studied using full-thickness longitudinal slices
through the kidney cortex {approximately 13 mm, see Fig. 2b). Near the CMJ,
some of the large arteries were closely accompanied by large veins. In contrast
to the more or less side-by-side organization of artery—vein pairs in the deeper
portions of the cortex, when pairs of vessels were observed within the outer 3
of the cortex, the veins were usually twisted around the arteries.

Analysis of the vascular architecture revealed in the longitudinal slices of the
cortex suggest that the radial arteries give rise to about seven branching gener-
ations. Locations of the branching generations, their ranges, and standard devia-
tions are shown in Table 3. Examination of the longitudinal slices indicate that
in most situations each parent vessel branched into two daughter vessels. Branching
patterns range from symmetrical, i.e., with both daughters having equal diameters,
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Fig. 6. The linear relationship between the paired vessel percentage per square millimeter and
the cortex fraction.

TABLE 3
LocaTion AND PARENT VESSEL DIAMETER OF THE SEVEN VASCULAR BRANCHING (GENERATIONS WITHIN
THE P16 KIDNEY CORTEX

Cortex Vessel

fraction diameter

Generation (%) {pem) n

Surface 1 7th 7.1 £ 1.2 395 = 82 15
6th 127 £ 1.4 101.1 = 25.6 32

Sth 252 + 6.0 138.9 = 404 36

4th 342+ 58 200.8 = 51.7 14

3rd 46.9 + 6.6 249.6 = 63.7 17

2nd 642 + 6.2 3409 = 78.7 7

CMJ | 1st 946 = 3.2 501.4 + 90.2 4

Note. X, is the cortex fraction, expressed as a percentage of the total cortex thickness; n, number
of vessel (mean = SD).



302 XU ET AL.

1.2+

0.9

d, / do

0.61

0.3+

0.0 T T T T : 1 v T —

0.9 ..

d, / d
L)
o
.'.

] -
0.6 AT XN

0.3+

0.0 T T T T T T T T T .
0.0 0.t 0.2 0.3 04 05 08 07 ©8 08 1.0

d; / d,

Fic. 7. Measured ratios of the daughter and parent vessel diameters, d,/d, (a), d./d, (b) vs the
daughter vessel diameter ratio (d./d,). d,, 4,, d, are the diameters of larger danghter, smaller daughter,
and parent vessel, respectively, The solid lines in both (a} and (b) represent the optimal ratios.

to the rarely found situation where one of the daughters essentially maintains the
size and direction of the parent while the other, much smaller one, assumes the
position of a side branch. Although the branching angle as a three-dimensional
quantity could not be measured using the present technique, their two-dimensional
projections seen on the SEM montages were studied qualitatively. Using the
digitizing tablet and software, each branching angle was estimated by first estab-
lishing a reference cursor line in the direction of the longitudinal axis of the parent
vessel, then rotating it about the branching point so as to align the cursor with
the axis of first one, and subsequently the other of the two branches. In general,
when daughter vessels are equal in diameter they were found to branch at about
equal angles from the parent vessel. When daughter vessels differ in diameter,
the larger vessel consistently has a smaller branching angle and vice versa. Similar
patterns have been reported for the major vessels {(diameter >0.5 mm) in the rat
kidney (Zamir and Phipps. 1987).

At each bifurcation, the diameters of the parent (d,) and the daughter branches
(d,, larger; d,, smaller) were also measured. The relationships among the ratios
di/dy, dy/dy, and d,/d; at bifurcations, are shown in Fig. 7. Solid lines represent
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calculated theoretical optimal ratios of daughter to parent vessel diameters, based
on principles proposed by Murray (1926a,b) for minimum shear stress and min-
imum lumen volume at bifurcations as

difdy =1/ (1 + (d/d)*?)” (1)
dyfdy = (dy/dy) /(1 + dz/d:)yz)m- (2)

Although the data are somewhat scattered, the measured parameters of the vas-
cular geometry in the pig kidney cortex fit reasonably well to the proposed the-
oretical optimum.

Of the 125 bifurcations studied here, the ratio of small to large daughter branch
diameters (d,/d;,) was 0.802 = 0.011 (mean = SE), a value that compares fa-
vorably to 0.785 found in the pulmonary arterial tree (Horsfield and Woldenberg,
1989}, The average value of the daughter/parent vessel lumen area ratio (8 =
(di*+ dyY)/ dy?) in the present study is 1.117 + 0.024(SE). A 8 of 1.062 and 1.212
has been reported for the rat coronary (Zamir et al., 1984) and renal artery (Zamir
and Phipps, 1987) networks, respectively, and 1.0879 for the human pulmonary
arterial tree (Horsfield and Woldenberg, 1989), suggesting that vascular branching
patterns may be similar across organs and species. Moreover, the value of g8 is
thought to be useful in the analysis of endothelial shear stress caused by flowing
blood (Rodbord, 1975; Zamir, 1977). Shear stress has been implicated as a factor
contributing to vascular disease (Fry, 1968).

Our results provide a quantitative image for the microvasculature within the
pig kidney cortex. One application of these data is to estimate the average vol-
umetric arterial blood supply passing through a cross-sectional tissue area (Aj;
mm®) at any depth within the cortex. Dividing the volumetric flow rate (mm®/s)
by the cross-sectional area yields the average blood flow velocity v; {(mm/s),
generally expressed as:

V= K-w-i(%-dﬁ). 3)

In the present study, tissue blood perfusion w (ml/ml/s) is assumed to be uniform
and constant within the kidney cortex, and measurements of vessel number density
within a specific vessel diameter range (represented by d)) at the cortex depth j
(VNDy; refer to Table 1). As noted previously, the vessel number density reflects
a number of both arteries and veins passing through each unit cross-sectional
area. We assume here that there are equal numbers of arteries and veins, and
thus, in Eq (3), VND,/2 is the number of arteries per unit area at a given depth
within the cortex. The exponent Z and the constant K are two empirically de-
termined parameters.

The schematic drawing in Fig. 8 depicts a segment cut from the kidney cortex.
In this segment, V; represents the volume of the cortex above the plane of section
Ay, and all of the blood supplying to V; passes through A; and flows at velocity

v;. Thus,

Here, the cortex cut is approximated as a segment of two concentric cylinders of
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Fic. 8. Schematic drawing of a segment cut from the kidney cortex. I and IT denote the directions
of cutting to obtain cross (A;) and longitudinal {A,) sections, respectively. X; is defined as the cortex
fraction, where R, R;, and R, are radii from the imaginary cylindrical ring center “o” to the kidney
surface, A; and CMJ, respectively.

thickness ¢, outer radius R, and inner radius R, (see Fig. 8), and the volume V;
at any radius R, is estimated by

V= 0501 (R~ R), ®)
where ¢ is the included angle of the cylindrical segment.
Similarly,
Ai=¢-R -t (6)
Substitution of Eqgs. (3) and (6} into Eq. (4) yields
vi=0.5 0 (R - R)/R, (7)

Equation (7) can be combined with Eq. (3), giving

(R* - R)/R; = K- 2 (VND;; - d). (8

Measurements of R and R; were made from the center (“o”, see Fig. 8) of the
cylindrical segment to the kidney surface and the position of the cross-sectional
area A; respectively. Equation 8 was used to calculate iteratively K and Z by
fitting the measured data into the equation. The resulting values of K and Z were
966.8 and 2.52, respectively.
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To our knowledge, the significance of parameter K has received little attention,
whereas the exponent Z and its value has been the subject of several theoretical
and experimental studies. Uylings {(1977) concluded that Z = 2.333 is the optimal
value that minimizes the total metabolic (proportional to volume) and friction
power losses for a fully turbulent flow. A similar analysis by Murray (1926a) for
fully developed laminar blood flow gave the optimum value of Z = 3.0. Analysis
of the human pulmonary arterial tree suggests a value of Z = 2.3 x 0.1 (Zamir
and Phipps, 1987). A Z of 2.5 has been reported for several species of botanical
trees (Murray, 1927). These results suggest that in many, diverse, branching
systems, the value of Z most likely lies within the range of 2.3-3.0, implying that
in many, perhaps most biological structures, branching occurs in a certain universal
optimal way to minimize stress within the system.

In view of recent attempts to offer a more precise understanding of heat transfer
mechanisms in living tissues (Baish et af., 1986; Chen and Holmes, 1980; Wein-
baum et al., 1984), it has become increasingly important to gain detailed infor-
mation regarding the microvasculature of vessels having significant contribution
to heat transfer in local tissue. These vessels normally have diameters within the
range of approximately 0.05 to 0.5 mm. The present work offers a quantitative
image of them within the pig renal cortex and the findings should provide an
important foundation for heat transfer studies in the future.
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" NOMENCLATURE

A cross-sectional area, [mm?]

a distance between centers of the two paired vessels, [mm]

CMJ corticomedullary junction

d vessel diameter, [mm]

K empirical constant in equation (3)

R distance between a cross-section and a center of an imaginary cy-
lindrical ring (see Fig. 1}, [mm]

SEM Scanning Electron Microscope

t thickness of a segment cut from the kidney cortex (see Fig. 1},
(mm]

TVND total vessel number density = the total number of vessels (d =
0.05mm) transversing a unit cross-sectional area of the kidney
cortex, [#/mm?]

v average blood flux, [mm/s]

v partial volume of a segment cut from the kidney cortex (see

equation (5)) [mm’]
VAF cross-sectional vessel area fraction (vessel area / tissue area)
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VND vessel number density = the number of vessels with specific di-
ameter transversing a unit cross-sectional area of the kidney cor-
tex, [#/mm?]

X cortex fraction: the ratio of the depth of a given cross section
from the surface and the thickness of the kidney cortex (see Fig.
1)

Z empirical exponent in equation (3)

Greek letters

B lumen area ratio of daughters to parent vessel, defined as 8 =
(di + db)/dj

o blood perfusion rate, {ml/ml/s]

@ included angle of a segment cut from kidney cortex [radian]

Subscripts

c at the corticomedullary junction

i index of the range of vessel diameters

j index of the cortex fraction

o at the center of an imaginary cylindrical ring in Fig. 1

1] parent vessel

1 large daughter vessel

2 small daughter vessel
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