
Effects of old age on vascular complexity and dispersion of the
hepatic sinusoidal network

Alessandra Warren(1), Slawomir Chaberek(2), Kazimierz Ostrowski(3), Victoria C. Cogger(1),
Sarah N. Hilmer(4), Robert S. McCuskey(5), Robin Fraser(6), and David G. Le Couteur(1)

(1)Centre for Education and Research on Ageing and the ANZAC Research Institute, Concord RG
Hospital and University of Sydney, Sydney, Australia (2)Independent Clinical Hospital, Otwock
Warsaw, Poland (3)Department of Histology, Medical Academy, Warsaw, Poland (4)Departments
of Aged Care and Clinical Pharmacology, Royal North Shore Hospital and University of Sydney,
Sydney, Australia (5)Department of Cell Biology and Anatomy, College of Medicine, University of
Arizona, Tucson, Arizona, USA (6)Christchurch School of Medicine, University of Otago,
Christchurch NZ

Abstract
Objectives—In old age, there are marked changes in both the structure of the liver sinusoidal
endothelial cell and liver perfusion. The objective of this study was to determine whether there are
also aging changes in the microvascular architecture and vascular dispersion of the liver that might
influence liver function.

Methods—Vascular corrosion casts and light micrographs of young (4 mths) and old (24 mths)
rat livers were compared. Fractal and Fourier analyses, and microcomputed tomography were
used. Vascular dispersion was determined from the dispersion number for sucrose and 100 nm
microspheres in impulse response experiments.

Results—Age did not affect sinusoidal dimensions, sinusoidal density or dispersion number.
There were changes in the geometry and complexity of the sinusoidal network as determined by
Fractal dimension and degree of anisotropy.

Conclusions—There are small age-related changes in the architecture of the liver sinusoidal
network, which may influence hepatic function and reflect broader aging changes in the
microcirculation. However sinusoidal dimensions and hepatic vascular dispersion are not
markedly influenced by old age.
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Introduction
Aging is associated with many changes in the cardiovascular system and old age is a major
risk factor, if not the leading risk factor, for most vascular diseases [3, 13, 29, 30, 40, 45].
Age-related vascular changes are usually considered to include increased vascular stiffness,
deposition of lipids and collagen in vessel walls, increased intimal thickness, reduced tissue
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perfusion and a decrease in endothelium-dependent vasodilatation [29, 30, 40]. Age-related
changes in the microcirculation are less well understood [45] but have been identified, and
most widely studied, in the microvasculature of skeletal muscle [3] and brain [12, 47]. It is
of note that in his original exposition of the free radical theory of aging, Harman
hypothesised that blood vessels were the key target for age-related oxidative stress [21] and,
indeed, many systemic features of aging might reflect impaired tissue perfusion [46].

There have been a few reports on the effects of aging on the hepatic vasculature. In old age
in humans and animals, there is a marked reduction in total hepatic blood flow [35, 51, 57]
and tissue perfusion [24]. Ultrastructural aging changes have been reported in the liver
sinusoidal endothelium and space of Disse from intact livers of the rat [25, 32], human [43],
mouse [24, 54] and baboon [8]. Endothelial thickness is increased by about 50% in old age
with a similar reduction in the porosity and number of fenestrations, which are pores within
the liver sinusoidal endothelium. There is perisinusoidal basal lamina deposition in many old
livers and some scattered collagen in the space of Disse. The endothelial marker, von
Willebrand’s factor, which is not normally expressed in healthy young liver sinusoids, is
upregulated in old age in most studies [37]. There is also reduced caveolin-1 expression [25]
and increased ICAM-1 expression [24]. The expression of α-SMA and desmin is not
upregulated indicating stellate cell activation is not present [8, 37]. Together these changes
in the hepatic sinusoid have been termed pseudocapillarization and may have systemic
implications because of their effect on the transfer of many substrates between blood and
hepatocytes, most importantly lipoproteins such as chylomicron remnants [22, 23, 33, 34].

The potential effects of old age on the hepatic microcirculation are important because this
might influence hepatic function, particularly hepatic clearance, through influencing hepatic
perfusion. There is substantial reduction in hepatic clearance of many substrates in old age,
which for medications is often in the range of a 30–50% reduction in metabolism [35]. The
most robust explanation is that with old age there is a reduction in hepatic blood flow, which
will reduce primarily the hepatic clearance of highly extracted substrates, according to the
equation:

where Cl is clearance, Q is hepatic blood flow and E is the fractional extraction [35]. A
mechanism for the age-related reduction in hepatic blood flow has not been forthcoming. A
recent report by Ito et al. indicates that the reduction in hepatic perfusion may be secondary
to increased expression of ICAM-1 on the sinusoidal endothelial cells with subsequent
leukocyte adhesion and blocking of the sinusoids [24]. An alternative explanation is that
there might be age-related changes in the sinusoidal microarchitecture including sinusoidal
dimensions and branching. One purpose of this study was to determine whether there are
such changes in the sinusoidal architecture that could contribute to the age-related reduction
in hepatic perfusion.

In the past, hepatic clearance was considered to be determined primarily by hepatic blood
flow, intrinsic clearance (a measure of enzyme capacity) and substrate protein binding. The
effects of old age on all of these parameters have been investigated [35, 44, 51]. More
recently, the dispersion model developed by Roberts and colleagues showed that mixing of
substrates as they pass through the sinusoids also influences their clearance [48, 49]. The
mixing of the substrates in the sinusoids is generated by sinusoidal branching, variations in
flow velocity and path-lengths and turbulence, and is estimated by the dispersion number,
DN. As the dispersion number increases, reflecting increased mixing in the sinusoids, the
dispersion model predicts an increase in clearance according to the equation:

Warren et al. Page 2

Microcirculation. Author manuscript; available in PMC 2011 April 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



where Cl is clearance, Q is hepatic blood flow, DN is the dispersion number and is RN is the
efficiency number [48, 49]. The effect of mixing is greatest for those substrates that undergo
non-linear kinetics [55]. The effect of aging on the DN and sinusoidal mixing is unknown,
but a reduction in DN with old age would contribute to the age-related reduction in hepatic
clearance.

Fractal analysis has increasingly been used to study many microcirculatory networks
because of their generally complex and iterative branching geometry [1, 41]. Usually the
branching of vessels over several generations has been quantified using the box counting
method to determine the Fractal dimension. The geometry of the liver circulation in health
and disease has also been characterized using fractal analysis [6, 16, 26, 55]. Here Fourier
analysis is more suitable to undertake to quantify the topography of the sinusoids because
they do not undergo repeated branching to successively smaller vessels, but rather are a
reticular branching network of vessels of a similar size [16]. It has been suggested that the
fractal dimension of the vasculature may influence drug metabolism and hepatic clearance
[15, 39], possibly through effects on mixing and dispersion [2, 55] therefore any age-related
changes in the fractal geometry of the sinusoids may also contribute to altered hepatic
function. Furthermore, the aging process appears to be associated with loss of complexity in
many systems indicating that such analyses may be required in order to detect fundamental
aging changes [18, 19, 28, 38].

In this study, vascular corrosion casts, scanning electron microscopy, micro-computed
tomography, light microscopy and the multiple indicator dilution method were used to
determine whether old age influences the geometry, fractal dimensions and mixing function
of the liver sinusoidal network. As well as providing insight into the effects of aging on the
microcirculation, the results may provide additional mechanisms for the reduction in hepatic
function in old age.

Material and Methods
Animals

Young mature adult (aged 4–5 mths) and old adult (aged 24–26 mths) Fisher 344 male rats
were obtained from the National Institute of Aging (Bethesda, MD). All animals were fed ad
libitum (n=5 in each group). These animals have a median survival time of approximately 26
mths [17]. The study had the approval of the Sydney and Southwest Area Health Service
Animal Welfare Committee.

Vascular corrosion casting
Rats were anaesthetized with ketamine (90 mg/kg) and xylazine (10 mg/kg) by
intraperitoneal injection and livers were perfused via portal vein with heparinized buffer
(PBS, 25000 U/l heparin, 35C) followed by 20 ml of fixative (4% formalin in PBS, 35°C)
over approximately 5 mins at a pressure of 10 cmH2O. Polyurethane PU4ii resin (vasQtec,
Zurich, Switzerland) was injected via portal vein at the same rate [27]. Livers were removed
and allowed to polymerize for 48 hours and then macerated in 10% NaOH at 37°C for
several days. Casts were incubated overnight in 5% formic acid solution at 37°C,
extensively rinsed with water and dried in room air.
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For scanning electron microscopy, only lobes that were completely perfused were selected.
The cast was studied under a dissecting microscope where well perfused lobes appeared
very thick with surface sinusoids present which outlined the shape of the lobe. At least five
well-perfused cast sections were studied per lobe. Sinusoids were analysed that were distant
from any larger vessels that would confound the analysis. For the fractal analysis, the
images were taken from the uncut surface of the perfused livers because this is more suitable
for the 3D volume-based analysis. Although aging might influence the quality and fixation
of the casts, no age-related differences were observed in the quality of the cast perfusions.
Zone 2 sinusoids, which lie midway between the periportal (zone 1) and pericentral (zone 3)
sinusoids and were chosen for both light and electron microscopic analyses because they
tend to be a reasonably homogeneous network between the more branching zone 1 sinusoids
and more linear zone 3 sinusoids.

Scanning electron microscopy
Casts were sectioned, mounted on studs under a dissecting microscope and sputter coated
with platinum. Casts were visualized and photographed using a Jeol JSM-6380LV scanning
electron microscope (Jeol, Akishima-Shi, Japan). To estimate the sinusoidal diameter, ten
micrographs from each cast were taken and studied under the same conditions
(magnification ×500, working distance 8 mm and 15 kV). Each photograph was analysed
using ImageJ software (http://rsb.info.nih.gov/ij/) and approximately 30 measurements of
sinusoids taken.

Light Microscopy
Ten photographs were analysed from each rat liver and inter-sinusoidal distance and
sinusoidal density calculated in zone 2 sinusoids using ImageJ. Inter-sinusoidal distance was
defined as the shortest distance between the edges of two sinusoids. For the analysis of
sinusoidal density, areas containing transversally sectioned sinusoids were selected and
number of sinusoid was manually determined. Low magnification micrographs (×40) were
also taken to allow measurements of the distance between adjacent central veins because this
reflects lobular dimensions.

Micro-computed tomography
Micro-computed tomography was used to visualize the 3D geometry of the portal venous
network and sinusoids. One well perfused section (0.5 mm diameter cylinder) of vascular
cast from each liver was selected. Before the X-ray scans were performed, the vascular casts
were treated with 2% osmium tetroxide for several days, in order to enhance contrast. After
washing, casts were placed in plastic tubes filled with distilled water and mounted on a
metal stub. Images were acquired with X-ray microcomputed tomography SKYSCAN-1072
(SkyScan, Aastselaar, Belgium) at high resolution (3.5 μm pixel size) and subsequently
converted to bitmap images using Nrecon software. The bitmap image series were used for
3D quantitative morphometry analysis using Skyscan CT-analyser software. Within each
corrosion cast, two representative and well perfused regions were analyzed (total volume 15
mm3). The percentage of the liver volume occupied by the blood vessels, degree of
anisotropy and Fractal dimension were determined. The threshold set at either
approximately 46 or 86, which allowed analysis either of the sinusoids or the larger vessels,
respectively.

The degree of anisotropy determined by this software is a dimensionless parameter that
varies between 0 and 1. When the degree of anisotropy is 1, there is perfect alignment of the
blood vessels along a preferred axis. Conversely, when the degree of anisotropy is 0, there is
no preferred axis of alignment. The Fractal dimension is determined by box counting and is
a measure of the complexity of the network.
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Fourier analysis of corrosion casts
For evaluation of the casts, both Fourier or Fractal analyses were undertaken as we have
previously applied to the liver microcirculation [16].

For the Fourier analysis, each image is considered to be a superposition of a large amount of
elementary diffraction graticules differing in their constance, i.e. number of lines per mm
and the angular direction of the lines. This kind of analysis is based on the optical
diffractograms. Using the fast Fourier transformation (FFT), transformation coefficients
showing radial and spatial distribution of elementary harmonic elements of the images were
computed, allowing for calculation of the spatial and angular distribution of light energy
contained in the images. Indicating with I(r,c), the image function with r = row c = column
where the image is N x N pixels, the Fourier transform algorithm is:

Amplitude was defined as:

The relative coefficients were computed using FFT algorithms. Based on Fourier
coefficients, radial and spatial distributions were defined as follows. We defined n = 30
bands (Pn) of spatial frequency, the width of one band was Δf:

The spectral region of radial analysis was defined as rings. We measured the amplitude
(A(Pn)) in a region of interest of spatial frequency by summing the amplitude over the
chosen range:

Based on radial Fourier distribution the energy of the radial Fourier spectrum (E) and the
entropy of the radial Fourier spectrum (ε)) were defined as follows:

Energy (E):

Entropy (ε):
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Entropy is a particular form of energy related to the state of disorder of the material: higher
entropy values indicate higher states of disorder in the system. E is the general amount of
system energy, from a thermodynamic point of view, given by the addition of thermal and
entropic energy. A normal system evolves to a minimum of total energy, corresponding to a
maximum of stability, and at the same time to a maximal entropy, corresponding to a state
of disorder. For our analysis, the algorithm was implemented in the program MATHCAD
6.0.

Two methods were used to estimate the Fractal dimension: Box Counting and the Fourier
power spectrum method. The purpose of the Box Counting algorithm is to estimate the
length of a complicated curve, which has several implications. Using this algorithm, Fractal
dimension was obtained from the binarized images, which are a map of the vessel structure.
A grid consisting of square boxes with size ε was superimposed on the extracted boundary
of the vessel network to be quantified. In the Fourier power spectrum method of Fractal
dimension estimation the two-dimensional (2D) Fourier transform of the digital image is
calculated first and the 2D power spectrum is obtained. The latter is then reduced to a 1D
power spectrum by averaging over circles. The average 1D power spectrum P(f) of the
surface is a function of the frequency f.

The numerical data obtained by the use of Fractal and Fourier analyses of the images were
used for the discriminant analysis. These data allowed the construction of multi-axial space
and each image was positioned according to the measured values. In each analysed group of
images a centroid was calculated and this allowed the distances between the centroids (the
Mahalanobis distances) to be calculated. The Mahalanobis distances are in multi-axial space
thus are not Euclidean lines. Evaluation of these distances permits calculation of differences
between the compared groups of images and to estimate the statistical validity of
differences. The discriminant analysis automatically computes the classification functions.
The classification functions can be used to determine to which group each case most likely
belongs. All statistical analyses were performed using STATISTICA software (StatSoft,
Inc., Tulsa, OK, USA).

Impulse response experiments
Liver perfusions and impulse response experiments were performed as described previously
[7, 22, 36]. The perfusate was Krebs-Henseleit bicarbonate buffer (10 mM glucose, pH 7.4,
saturated with 95 % O2/5 % CO2, 2 % bovine serum albumin, 37°C). The perfusate flow
rate was maintained at approximately 1 ml/min/g of liver using a cartridge pump (Masterflex
L/S, Extech Equipment, Boronia, Australia) in a non-recirculating system. Viability was
confirmed by macroscopic appearance, oxygen consumption, portal venous pressure, light
microscopy and electron microscopy. The injectate was made to total 100 μl volume with
Krebs-Henseleit bicarbonate buffer and contained 14C-sucrose (0.1 mCi/ml, Sigma
Chemical Company, Sydney, Australia) and yellow-orange 100 nm Fluoresbrite polystyrene
microparticles (Polysciences, Warrington, PA). Immediately after administration of the
injectate as a bolus into the portal vein catheter, 30 outflow samples were collected using a
Universal Fraction Collector (Extech Equipment, Boronia, Australia) at two-second
intervals. Outflow samples were analyzed for 14C activity (Wallac 1410 Liquid Scintillation
Counter, Pharmacia, Sydney, Australia) and fluorescence was quantified with a Hitachi
F-4010 fluorimeter.

Analysis of outflow curves
Dose-normalized outflow time-activity curves were constructed, such that outflow
concentrations were expressed as the fraction of the dose per mL of outflow [20]. The area

Warren et al. Page 6

Microcirculation. Author manuscript; available in PMC 2011 April 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



under the curve (AUC), mean transit time (MTT) and variance of the transit time (VTT)
were calculated directly from the outflow curves using the following equations:

MTT was corrected for the catheter and non-exchanging vessel transit time (t0), estimated
from the time of first appearance of radioactivity above background levels. The recovery
(F), volume of distribution (V), normalized variance (CV2) and dispersion number (DN)
were then calculated as follows:

F is the fraction of substrate recovered in the outflow. V is the volume of distribution of the
substrate within the liver and represents the space within which the substrate travels during
the single pass. CV2 and DN are dimensionless markers of the dispersion of the substrate
within the liver.

Statistical analysis
Data are presented as mean ± standard deviation. Comparison of sinusoidal dimensions and
impulse response experiments was undertaken with the Students T-test. For Fractal analyses,
the Wald-Wolfowitz Runs Test analysis was applied. Differences were considered
significant when P < 0.05.

Results
Sinusoidal dimensions and density

Figures 1 and 2 show representative corrosion casts and light micrographs from young and
old livers, respectively. The diameter of the sinusoids determined from the vascular casts
was 9.4±3.6 μm in the young rats and 9.7±3.5 μm in the old rats. There was no significant
effect of age on sinusoidal diameter (Table 1). Even though there was a slight reduction in
the distance between sinusoids in old age of about 5%, there was no effect of aging on the
number of sinusoids per unit area determined by light microscopy. The size of the lobules
determined from the distance between adjacent central veins increased by 10% in the old
livers (Table 1).

Analysis of corrosion casts
The Fractal dimension of the sinusoidal network was lower in the old livers and this
difference was greater and statistically significant when calculated using the FFT method,
considered to be the more accurate method [16] (Table 2). The comparison of the Fourier
radial distribution of the sinusoids in the young and old livers is shown in Figure 3. Based
on this distribution, the energy, entropy and area of the radial Fourier spectrum were
defined. Old age was associated with higher energy and lower entropy (Table 2).
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The Mahalanobis distance, corresponding to the distance between centroids of the images in
multi-parameter space of the young versus the old sinusoidal networks was statistically
significant (squared Mahalanobis distance 7.196, P<0.05). The sinusoidal networks could be
classified as either young or old on the basis of their structure with an efficiency of 93%.

Analysis of micro-computed tomography
Figure 4 shows representative micro-computed tomographs from young and old livers.
There was a significant age-related reduction in the degree of anisotropy when the image
analysis included only the sinusoidal network. However, there were no other significant
aging differences, including the percentage volume of the liver occupied by blood vessels
and sinusoids (Table 3). The Fractal dimension of the large portal vessels was 1.9±0.1 in the
old rats and 1.8±0.2 in the young rats.

Impulse response experiments
The results of the experiments are shown in Table 4 and representative outflow curves are
shown in Figure 5. The values of the volumes of distribution of the microspheres are likely
to be underestimated because the recoveries were less than unity. The DN for sucrose was
approximately 0.4 and there were no differences in any of the parameters with age.

Discussion
There have been a few reports on the effects of aging on the architecture of the
microcirculation in various tissues, primarily muscle and brain, and usually evaluated using
either vascular corrosion casts or in vivo microscopy. For example, in F344 rats, capillaries
in cremaster muscle did not change in diameter between 12 and 24 mths but there was a
reduction in branching frequency in the distal vessels [9]. In C57BL/6 mice, there was an
increase in branch angle and tortuosity in arterioles smaller than 30 μm in diameter, but no
other differences in vascular topology in the gluteus maximus muscle [4]. The effects of age
on the cerebral microcirculation have been more extensively studied and reviewed [12, 47].
Overall there is substantial age-related rarefaction of the surface arterioles and a limited
reduction in the density of the parenchymal capillaries in some regions of the brain,
particularly the hippocampus and cortex [47]. The cerebral capillaries undergo
ultrastructural changes with old age including an increase in basement membrane and
collagen, reduction in elastin and the deposition of flocculent material thought to be
degenerative pericytes [47]. In addition there is increased tortuosity, looping and twisting of
the cerebral microvessels [47]. In both cerebral and skeletal tissues, it has been concluded
that age-related changes in the microcirculation will have an impact on tissue perfusion and
transfer of substrates such as oxygen and glucose [45–47]

There have also been a few reports of aging changes in the hepatic microcirculation [34, 37]
although it should be noted that the liver is not a post mitotic tissue and changes in its
microcirculation might not reflect broader vascular changes. Total hepatic blood flow is
reduced by 30–50% and although this is similar to the age-related reduction in liver mass as
a fraction of body weight [35, 52] there appears to be some reduction in tissue perfusion.
Determined by clearance of colloidal albumin, liver perfusion in rats was 1.30±0.13 ml/min/
g at 3 mths, 1.54±0.19 ml/min/g at 6 mths and 1.33±0.28 ml/min/gram of liver at 36 mths,
suggestive of a reduction in perfusion in old age [5]. Recently Ito et al. [24] used high
resolution in vivo microscopy to investigate aging in mice. There was a 14% reduction in
the numbers of perfused sinusoids between 0.8 and 27 mths of age and a 35% reduction in
sinusoidal blood flow. Slightly narrower sinusoids with thickened LSECs and swollen
stellate cells were observed. Vollmar et al. [53] used in vivo microscopy to study sinusoidal
perfusion in the rat. They reported a minor reduction of sinusoidal density to 87% over life
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but concluded that there were no aging changes in sinusoidal perfusion or sinusoidal
diameter. However there was a reduction in sinusoidal flow from 9.3±0.7 pL/s at 3 mths to
6.8±0.7 pL/s at 24 mths. Old age is associated with marked ultrastructural changes in the
hepatic sinusoid called pseudocapillarization [8, 22, 24, 25, 32, 34, 54]. These include
thickening of the liver sinusoidal endothelium and loss of fenestrations. There is some
deposition of basal lamina, collagen and altered expression of some endothelial and
extracellular matrix proteins and stains. Thus overall reports indicate there are
morphological changes in the microcirculation in the liver, brain and muscle in old age.

In this study we found no major age-related changes in sinusoidal density (determined both
from the number of sinusoids per unit area on light microscopy, and relative volume
occupied by sinusoids on micro-computed tomography) or sinusoidal diameter (determined
by vascular corrosion casts). Therefore the age-related reduction in hepatic perfusion
requires alternative explanation. It is possible that the upregulation of ICAM-1 with
subsequent leukocyte adhesion [24], swelling of stellate cells [8, 37, 54], or changes in
production of or response to vasoactive substances in vivo contributes to impaired blood
flow through the sinusoids. We did note a change in the size of the lobules determined by
the distance between adjacent central veins, which increased by 10%. This is less than the
50% increase in lobule size between 3 and 24 mths detected by Vollmar et al. [53] but is
consistent with the concept that lobule size increases in parallel with the increase in liver
size in the growing animal.

The Fractal dimension estimated by the Fourier spectrum analysis, which is a measure of
complexity of branching, was reduced with old age in the hepatic sinusoid. The higher
complexity in young livers corresponds to a higher tortuousness, arborization and
interconnections between adjacent sinusoids, compared to more linear and less ramified
sinusoids in the aged liver. Aging has been reported to be associated with reduced
complexity reported in many systems including bone architecture, dopamine release, lung
structure, neuronal dendrites, heart rate variability, blood pressure variability, thyrotropin
release, and electroencephalograms EEG [28, 38]. However Fractal analysis of renal artery
[10] or retinal vessels [31] in humans did not show any clear relationship with age. We are
not aware of any other studies of the effects of age on the Fractal dimension of the
microcirculation. Our results in the hepatic sinusoidal microcirculation support the
hypothesis that old age is associated with a loss of complexity [28, 38]. In addition, this
result suggests that the age-related reduction in the hepatic clearance of some substrates
(particularly those that undergo non-linear metabolism) might be in part secondary to an
age-related reduction in the Fractal dimension of the sinusoids, although the magnitude of
this effect is small.

The results obtained in this study with aging compare with those derived in the cirrhotic rat
liver using similar methods [16]. Here, the Fractal dimension for the sinusoids was reduced
from approximately 2.8 in control male Wistar rats to approximately 2.6 in rats rendered
cirrhotic through bile duct ligation or administration of carbon tetrachloride. As with aging,
this change in cirrhosis represents a loss of complexity of the sinusoidal network. However
the squared Mahalanobis distance between aged and control livers was only about 7
therefore not as distinctly different from controls as cirrhotic livers, where Mahalanobis
distances ranged from 28–51. Furthermore, the reduction in the Fractal dimension in old age
was only about 0.05 compared with about 0.2 in cirrhosis. Overall, the effects of age on the
branching structure of the sinusoid are not as marked as those seen in cirrhosis but in the
same direction towards less complexity.

The values for the Fractal dimension obtained for the liver sinusoids both in this study and
previously [16] are substantially higher than those reported in other microcirculations,
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typically around 1.6 or less [10, 42]. Other reports of Fractal dimensions in the liver include
approximately 2.8 in normal rat liver and 2.6 in fibrotic rat liver derived from analysis of
vascular casts [16], 1.8–1.9 derived from analysis of mibefradil pharmacokinetics in dog
liver [15], and 2 from ultrasound analysis of calf livers [26]. Higher Fractal dimensions are
linked with greater complexity, therefore, the results suggest that the hepatic sinusoid may
have an unusually branched and complex architecture compared to other capillary systems.
This presumably improves mixing and dispersion of substrates in the sinusoids, which
increases the hepatic clearance [15, 55]. The degree of anisotropy of the sinusoids
(approximately 0.4) was markedly less than that of the larger portal vessels (approximately
0.8) indicating the more aligned geometry of the large vessels as they branch from the
central to peripheral regions of the liver. Interestingly, old age was associated with a
decrease in the degree of anisotropy of the sinusoids suggesting that any alignment is
diminished with aging. The functional implications of anisotropy on hepatic function are yet
to be determined but the change with age is further evidence of altered sinusoidal geometry.

The impulse response method and dispersion model developed by Roberts and Rowland
[49] was also used to study effects of aging the hepatic microcirculation. In this model the
spread in the residence time distribution of substrates as they move through the liver is
considered to be secondary to vascular dispersion, and is represented by the CV2 and DN. A
higher value of DN indicates a greater degree of axial dispersion through the sinusoids,
larger vessels and catheters. Various estimates of DN have been reported for non-eliminated
reference markers such as sucrose in the isolated perfused rat liver. These estimates usually
lie within the range of 0.2–0.5 [11, 48, 50] and are similar to the result of approximately 0.4
obtained for sucrose in our study. However, the results we obtained for the microspheres
were much higher than this. It is possible that this is an artefact related to diminished
sensitivity of fluorescence to detect the tail of the outflow curves, or alternatively there may
indeed be greater mixing of microspheres because of their greater size. There was no age-
related change in DN for sucrose or microspheres, which is consistent with our vascular
corrosion cast data, which revealed only minor changes in vascular complexity and indicates
that altered dispersion does not contribute to the age-related reduction in hepatic clearance.
It is of interest that in cirrhosis of the liver, there are marked changes in the hepatic
vasculature, yet the DN for oxygen was approximately 0.4 in both control and cirrhotic livers
[14]. Likewise, following partial hepatectomy the CV2 of albumin was not altered despite
expected changes in liver blood flow [56]. Together these results suggest that vascular
dispersion in the liver is quite robust and resilient to various pathophysiological disruptions,
or alternatively that the multiple indicator dilution method is not sensitive enough to detect
changes that occur with liver pathology.

In conclusion, old age was not associated with any change in sinusoidal density, sinusoidal
size or vascular dispersion. The liver sinusoidal network is highly complex and branched
and there were age-related changes in the geometry and complexity of the sinusoidal
microcirculation, which could impact on hepatic function and reflect patterns of aging in
other structures.
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Figure 1.
Low and high magnification scanning electron micrographs of vascular corrosion casts from
young (A, C) and old (B, D) rat liver (A, B: 30 ×; C, D: 500× magnification).
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Figure 2.
Light micrographs of the liver of a young (A, C) and old (B, D) rat (10 × magnification).
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Figure 3.
Radial distribution of analysed structures calculated by Fourier transformation
corresponding to their dimensions. The x-axis represents defined bands of spatial
frequencies. The y-axis represents the amplitude of particular frequency bands. 30 bands of
spatial frequency were defined.
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Figure 4.
Micro-computed tomograph of the portal venous microcirculation of a young (A) and old
(B) rat liver.
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Figure 5.
Impulse response outflow curves from perfused liver of a young (A) and old (B) rat (fitted
with simple spline curves).
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Table 1

The effects of old age on the sinusoidal diameter (determined by electron microscopy) and sinusoidal density,
intersinusoidal distance and distance between adjacent central veins (determined by light microscopy). The
figures in parenthesis refer to the number of observations in livers from 4 young and 4 old rats.

Parameter Young Old

Sinusoidal diameter (μM) 9.4±3.6 (n=977) 9.7±3.5 (n=1225)

Intersinusoidal distance (μM) 16.1±3.9 (n=567) 15.5±3.8* (n=558)

Number of sinusoids per 100 μM2 17.5±2.5 (n=56) 17.4±4.1 (n=58)

Distance between central veins (μM) 809±199 (n=79) 891±190** (n=78)

**
P<0.01

*
P<0.05.
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Table 2

The effects of age on the Fractal and Fourier analysis of the hepatic sinusoidal network. The figures in
parentheses refer to the number of valid observations. All units are dimensionless.

Parameter Young (n=52) Old (n=44)

Fractal dimension (Box counting method) 1.891±0.011 1.888±0.019

Fractal dimension (FFT) 2.387±0.022 2.339±0.038*

Energy of Fourier radial distribution (×10−5) 8.27±4.31 27.86±14.78*

Entropy of Fourier radial distribution (×10−4) −2.78±0.89 −4.99±1.67*

Area of Fourier radial distribution (×10−3) 3.63±0.98 5.79±1.71*

*
P < 0.0001
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Table 3

Analysis of the micro-computed tomography of the vascular corrosion casts. Analysis was undertaken of the
sinusoids or just the larger vessels. There was a significant age-related reduction in the degree of anisotropy of
the sinusoids

Young Old

Sinusoids and large vessels

Relative volume (%) 29.5±12.3 30.0±21.0

Degree of anisotropy 0.418±0.232 0.227±0.044*

Large vessels

Relative volume (%) 2.7±1.4% 3.4±1.3

Degree of anisotropy 0.836±0.344 0.603±0.108

*
P < 0.05.
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Table 4

Results of impulse response experiments in the perfused livers of young and old rats for sucrose and 100 nm
microspheres. There were no significant differences between young and old for any parameter.

Young (n=10) Old (n=8)

Sucrose

Volume of distribution (ml/g) 10.9±3.1 14.4±7.9

Recovery (%) 90±15 86±10

CV2 0.74±0.13 0.84±0.47

Dispersion number 0.37±0.07 0.42±0.24

Microspheres

Volume of distribution (ml/g) 8.6±2.3 9.4±3.1

Recovery (%) 88±22 67±41

CV2 1.29±1.05 1.07±0.51

Dispersion number 1.00±0.27 0.77±0.44
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