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Brain capillary structures

of schizophrenia cases and controls
show a correlation with their
neuron structures
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Brain blood vessels constitute a micrometer-scale vascular network responsible for supply of oxygen
and nutrition. In this study, we analyzed cerebral tissues of the anterior cingulate cortex and superior
temporal gyrus of schizophrenia cases and age/gender-matched controls by using synchrotron
radiation microtomography or micro-CT in order to examine the three-dimensional structure of
cerebral vessels. Over 1 m of cerebral blood vessels was traced to build Cartesian-coordinate models,
which were then used for calculating structural parameters including the diameter and curvature of
the vessels. The distribution of vessel outer diameters showed a peak at 7-9 pm, corresponding to the
diameter of the capillaries. Mean curvatures of the capillary vessels showed a significant correlation
to the mean curvatures of neurites, while the mean capillary diameter was almost constant,
independent of the cases. Our previous studies indicated that the neurites of schizophrenia cases

are thin and tortuous compared to controls. The curved capillaries with a constant diameter should
occupy a nearly constant volume, while neurons suffering from neurite thinning should have reduced
volumes, resulting in a volumetric imbalance between the neurons and the vessels. We suggest that
the observed structural correlation between neurons and blood vessels is related to neurovascular
abnormalities in schizophrenia.

Brain blood vessels constitute a micrometer-scale vascular network that is responsible for supplying oxygen
and nutrition to brain cells'. The capillary bed of the vascular network contributes to relatively uniform corti-
cal tissue perfusion and oxygenation®. It has been reported that capillary density varies depending on the local
metabolism of the brain tissue’, indicating that local brain activity is related to the capillary network*. Cerebral
oxygen metabolism and blood flow have been shown to be affected in psychiatric and neurological disorders
including schizophrenia®, bipolar disorder®, Alzheimer’s disease’” and mitochondrial encephalomyopathy?®. The
coupling between the brain tissue metabolism and the blood flow is maintained by a neurovascular unit organ-
ized from brain tissue cells, such as neurons and capillary endothelial cells’. Although the capillary diameter of
human cerebral tissue has been studied using light and electron microscopy images'®!!, the structural correlation
between the capillary and the neuron has yet to be revealed.

In schizophrenia, the neurovascular coupling between the cerebral glucose metabolism and the cerebral blood
flow shows abnormalities compared with controls'?. Brain regions including the anterior cingulate cortex and the
temporal lobe have been shown to differ with respect to their cerebral blood flow in schizophrenia'*!*. An analysis

!Department of Applied Biochemistry, Tokai University, Hiratsuka, Kanagawa 259-1292, Japan. %Japan
Synchrotron Radiation Research Institute (JASRI/SPring-8), Sayo, Hyogo 679-5198, Japan. 3Photon Factory, High
Energy Accelerator Research Organization KEK, Tsukuba, Ibaraki 305-0801, Japan. “Department of Cell Biology,
Tokai University School of Medicine, Isehara, Kanagawa 259-1193, Japan. *Department of Pathology, Tokai
University School of Medicine, Isehara, Kanagawa 259-1193, Japan. ®Department of Psychiatry, Nagoya University
Graduate School of Medicine, Nagoya, Aichi 466-8550, Japan. ’Medical Genomics Center, Nagoya University
Hospital, Nagoya, Aichi 466-8550, Japan. 8Tokyo Metropolitan Matsuzawa Hospital, Setagaya, Tokyo 156-0057,
Japan. °Tokyo Metropolitan Institute of Medical Science, Setagaya, Tokyo 156-8506, Japan. “‘email:
mizutanilaboratory@gmail.com

Scientific Reports |

(2021) 11:11768 | https://doi.org/10.1038/s41598-021-91233-2 natureportfolio


http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-021-91233-z&domain=pdf

www.nature.com/scientificreports/

of cerebral hemoglobin concentrations of schizophrenia patients using near-infrared spectroscopy indicated a
significant association of the untreated-psychosis duration to the decreased cortical activity of temporal lobe
areas'®. A volumetric change in brain tissue'®"'® has been reported for schizophrenia, suggesting that structural
changes in brain-tissue components accompany the disorder. It has also been reported that schizophrenia patients
exhibit elevated mortality from ischemic heart disease'?, indicating that schizophrenia is accompanied by lesions
in the cardiovascular system. These physiological and epidemiological studies suggest the relevance of blood
vessels to schizophrenia etiology. Although genes associated with schizophrenia have been identified from a
genome-wide association study?, their involvement in the vascular system has not been sufficiently examined
and the pathological changes to vessels have not been fully delineated'%.

We have recently reported nanometer-scale three-dimensional studies on cerebral tissues of schizophrenia
and age/gender-matched controls by using synchrotron radiation nanotomography??2. The analyses of the
anterior cingulate cortex and superior temporal gyrus revealed that neurites of schizophrenia cases are thin and
tortuous while those of controls are thick and straight. Frequency distributions of the neurite curvature showed
similar profiles within the same brain area of the same individual, but are significantly dissimilar between brain
areas and the dissimilarity varies from case to case. These results indicated that the structures of cerebral neurons
vary between individuals and become extraordinary in schizophrenia*’. We applied these findings to an artificial
neural network to examine the functional relevance of the structural change in the computational model. The
neurite thinning in schizophrenia was implemented in the artificial neural network by applying restrictions to
its connection parameters. The resultant schizophrenia mimicking network outperformed the conventional
Al in image recognition tasks?. It has been reported that polygenic risk scores of schizophrenia and bipolar
disorder are associated with membership in artistic societies and creative professions®*. This is consistent with
the outperformance of the artificial neural network mimicking the neuron structure in schizophrenia. Further
analysis of brain tissues should delineate the involvement of other tissue constituents such as blood vessels to
the neuropathology of schizophrenia.

In this study, we analyzed blood vessel networks of cerebral tissues of four schizophrenia cases (hereafter
called S1-S4; Supplementary Table S1) and of four age/gender-matched control cases (N1-N4; Supplementary
Table S1). Post-mortem brain tissues of the Brodmann area 22 (BA22) of the superior temporal gyrus and BA24
of the anterior cingulate cortex were subjected to Golgi staining and then to synchrotron radiation microtomog-
raphy during 2011-2018 to visualize their three-dimensional structures. The obtained images were traced to build
Cartesian-coordinate models of vessel networks, of which the coordinates were used for calculating structural
parameters, such as the diameter and curvature of the capillary vessels. The resultant structural parameters were
analyzed to examine the structural relationship between capillary vessels and neurons.

Results

Structural analysis of vessel network. Three-dimensional structures of blood vessel networks in the
brain tissues of BA22 of the superior temporal gyrus and BA24 of the anterior cingulate cortex were visualized
by using synchrotron radiation microtomography or micro-CT?. The tissue images of the schizophrenia S1-S4
and control N1-N4 cases are shown in Fig. 1 and Supplementary Figures S1-S17. Experimental conditions
and statistics of the structural reconstruction in Cartesian coordinate space are summarized in Supplementary
Tables S1-S3. A total of over 1 m of blood vessels was reconstructed with these procedures (Fig. 1, Supplemen-
tary Video S1, Supplementary Figures S1-S17). The spatial resolution of the micro-CT images of this study was
determined to be 1.2-1.6 um (Supplementary Table S2). The precision of the structural parameters should be less
than 0.2 um according to the estimation measure we previously reported?!.

The reconstructed vessel structures were evaluated by calculating structural parameters from their Cartesian
coordinates. Figure 2 shows the frequency distribution of vessel diameters in each 0.4-um diameter bin. The
frequency distribution is represented using the length fraction, which was calculated by dividing the vessel length
per bin by the total length. All the datasets of BA22 and BA24 of the schizophrenia and control cases showed
major peaks at 7.0 um to 9.0 um, which correspond to capillary vessels. The vessel diameters evaluated in this
study include the thickness of the vessel walls and represent the outer dimeter (Fig. 1C-E). Therefore, the peak
values were larger than the inner diameter of the cerebral capillary'®!! by an amount of vessel wall thickness, as
discussed below. The diameter profiles (Fig. 2) indicated that a substantial fraction of vessels had diameters less
than 15 um. Hence, hereafter we will refer to vessel segments having mean diameters less than 15 um as capil-
laries. The plots of the BA22 and BA24 areas of the schizophrenia and control cases showed slightly different
profiles, though their peak positions were almost the same, indicating that the capillary diameter was virtually
constant between cases and between brain areas.

The capillary vessel structures were further analyzed in terms of their geometric parameters. Three-dimen-
sional curves can be represented with two geometric parameters: curvature and torsion (Supplementary Fig-
ure S18). The curvature corresponds to the reciprocal of the radius of a curve; hence, it represents the sharpness
of the capillary curve. The torsion is the deviation of the curve from a plane; it represents the right/left hand-
edness of a spiral. The frequency distributions of these geometric parameters of capillary vessels are shown in
Supplementary Figures S19 and S20.

The curvature plots (Supplementary Figure S19) showed single-peak profiles for all of the schizophrenia and
control cases. No significant difference in their means was identified between the schizophrenia/control groups
or between the brain areas in this study. Figure 3 shows examples of vessel structures showing high and low
curvature. The capillary network of $3-22 showed the highest mean curvature of 0.037 um™ (corresponding to a
curve radius of 27 um), while the capillaries of N4-22B showed the second lowest mean curvature of 0.021 pm™!
(corresponding to a curve radius of 48 um). These parametric differences are discernible in the structures of
$3-22 and N4-22B (Fig. 3).
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Figure 1. Rendering of three-dimensional image of BA22 cerebral tissue of schizophrenia case S1 and
Cartesian-coordinate model of its vessel network. The pial surface is toward the top. (A) Three-dimensional
image of the tissue. Linear attenuation coefficients of 8-50 cm ™' were rendered in gray scale with the maximum
projection method of the VG Studio software. Scale bar: 100 um. (B) Cartesian-coordinate model of vessel
network built by tracing the three-dimensional image. The model is viewed from nearly the same direction

as the rendering. The vessel models of the other 23 samples were built in the same manner (Supplementary
Figures S1-S17). The model was drawn with the MCTrace software. Model constituents are color-coded. The
vessels magnified in panels C-E are indicated with boxes. (C-E) Cartesian-coordinate models of capillary
vessels (red) superposed on cage representations of the three-dimensional image (gray) contoured at 6 times the
standard deviation of the image from its mean intensity. Blood cells were visualized in the vessel lumen as low-
intensity bodies. Positions of these vessels are indicated with boxes in (B). Scale bar: 10 pm.

Supplementary Figure S20 shows the torsion distributions. Each torsion profile had a nearly symmetric peak
centered at the origin, indicating that the three-dimensional curves of capillary vessels have no handedness.
Means and deviations of the capillary torsion showed no significant difference between the schizophrenia/control
groups or between the brain areas.

Structural correlation between capillary vessels and neurons.  We previously reported that neurite
curvature is significantly higher in schizophrenia cases than in controls?"?2. The schizophrenia and control cases
analyzed in this study were the same as those analyzed in our previous studies on neuron structure. This allowed
us to examine correlations between the vessel and neuron structures.

Figure 4A shows the relationship between the mean capillary curvature and the mean neurite curvature of
each brain area of the schizophrenia and control cases. The plot illustrates a significant correlation of the mean
curvature of capillary vessels to that of neurites (Spearman’s p=0.63, p=0.011, n = 16), indicating that the brain
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Figure 2. Vessel diameter distribution. The frequency distribution in each 0.4-pm diameter bin is represented
by the length fraction, which was calculated by dividing the vessel length per bin by the total vessel length. Insets
show magnifications of capillary peaks. Schizophrenia cases S1-S4 and controls N1-N4 are color-coded. Solid
lines represent BA22 distributions, and dashed lines represent BA24 distributions. (A) Diameter distribution of
the schizophrenia cases. (B) Diameter distribution of the control cases.

(A) B)

Figure 3. Vessel structures in (A) tissue of schizophrenia S3-22 and (B) tissue of control N4-22B. The capillary
vessels of $3-22 had curved structures, whereas those of N4-22B were rather straight. The pial surface is toward
the top. The structures are drawn to the same scale using MCTrace. Nodes composing each vessel are indicated
with octagons. The color coding and structural orientation are the same as in Supplementary Figures S2 and S7.
Scale bar: 50 um.
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Figure 4. (A) Relationship between mean capillary curvature and mean neurite curvature of the BA22 or BA24
area of each case. The dashed line indicates a linear regression. Schizophrenia cases S1-S4 and controls N1-N4
are color-coded. (B) Relationship between mean capillary diameter and mean neurite thickness radius. Cases
are color-coded as in (A).

tissues with tortuous neuronal networks have tortuous capillary vessels. No significant difference in the slope was
observed between the schizophrenia and control groups. The mean capillary curvature showed a difference in
its variance between brain areas. The capillary curvatures of BA22 were widely distributed, while those of BA24
were limited to a confined range (Fig. 4A), resulting in a significant difference in variance (p=0.019, Bartlett’s
test, n=8). We also examined the relation between the capillary diameter and neurite thickness radius (Fig. 4B).
In contrast to the curvature correlation, the mean capillary diameter showed no correlation with the neurite
thickness radius, but was rather constant regardless of neurite thickness. This result indicates that the capillary
vessel size is determined independently of the neuron structure.

Discussion

The microtomographic visualization of cerebral tissues of the anterior cingulate cortex and superior temporal
gyrus of the schizophrenia and control cases and the subsequent analyses by tracing blood vessels in three-
dimensional coordinate space revealed structural characteristics of vessel networks in human cerebral tissue.
The vessel diameter distribution showed a peak at 7.0-9.0 um, which represents the capillary outer diameter.
The inner diameter of the capillary lumen of human cerebral tissues perfused with acrylic resin was determined
to be 7 or 7.5 um from electron microscopy of resin casts'’. The mean diameter of the capillary lumen of human
cerebral tissue perfused with India ink was determined to be 5.9 or 6.5 um from confocal images''. These two
studies reported almost the same diameter, while their procedures were completely different. The capillary outer
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diameter that was determined without artificial perfusion of any materials in this study (7.0-9.0 pm) is consistent
with those inner diameters but thicker by 1-2 um. This difference is ascribable to the thicknesses of the capillary
walls that were included in the diameter evaluation using the Golgi-stained tissues (Fig. 1C-E).

The capillary diameter was almost constant, independent of the neurite diameter (Fig. 4B). This should reflect
the physical prerequisite that the capillary must keep its luminal space sufficiently large to allow blood cells to pass
through the vessel network. In contrast, the capillary curvature showed a significant correlation to the neurite
curvature (Fig. 4A), suggesting a certain structural relationship between the blood vessels and the neurons. A
volumetric reduction in cerebral tissue has been reported for schizophrenia!®-'82%-2%, A possible mechanism of
this reduction is the reduced neuropil hypothesis®, which ascribes the volume change to the neuropil reduction.
This is consistent with the neurite thinning observed in our previous studies?"*>. Neurite thinning reduces the
tissue volume, whereas the capillary diameter was found to be constant in this study (Fig. 4B). This results in a
shrinkage of the brain tissue, while the sizes of the capillaries remain unchanged, leading to tortuous structures.
We suggest that the structure of the vessel network is affected by volumetric changes in cerebral tissue due to
neurite thinning.

The cerebral blood flow is coupled to the cerebral metabolism through the neurovascular unit®. It has been
indicated that the relationship between the cerebral blood flow and the cerebral metabolism in schizophrenia
shows abnormalities depending on the area in the brain'. This study revealed that capillary curvature corre-
lates with neurite curvature (Fig. 4A), while mean capillary diameter remains constant (Fig. 4B). The constant-
diameter capillary in the neurite-thinned tissue of the schizophrenia cases?** should occupy a larger volumetric
fraction compared with those of the controls. If the number of vessel segments in the volume is the same, this
density imbalance between the blood vessel and the neuron may lead to an altered relationship between cerebral
blood flow and the cerebral metabolism, resulting in abnormalities in the neurovascular coupling.

A cohort study revealed elevated mortality of schizophrenia patients due to ischemic heart disease alongside
cancer'. The relevance of cerebral microvasculature to schizophrenia has been suggested in genetic and post-
mortem gene expression studies®. A functional genomic study of schizophrenia-associated genes indicated a
significant overrepresentation of genes involved in vascular function, vasoregulation and cerebral ischemia®'.
It has been reported that schizophrenia cases show high Bax/Bcl-2 ratio without caspase-3 activation in the
temporal cortex®”. A study on genome-wide mRNA expression in the BA22 area revealed that tissue remodeling,
wound repair, and apoptosis showed the strongest process enrichment®, which should be related to the possible
ischemia. These findings on the involvement of the vascular system in schizophrenia is consistent with the struc-
tural correlation between neurons and blood vessels (Fig. 4A) along with neurite thinning in schizophrenia*"?2.

The mean capillary curvature of BA22 of each case showed a significantly wider distribution than that of BA24
(Fig. 4A). We previously reported a significant difference in spine length between the BA22 and BA24 areas™.
These areal differences in cerebral tissue structures should reflect functional differences and transcriptional
variation between brain areas™.

The x-ray microtomographic visualization of the Golgi-stained brain tissues illustrated three-dimensional
vessel structures including blood cells inside the capillary lumen (Fig. 1C-E). Light microscopy cannot visual-
ize objects behind stained structures and shows blurring depending on the tissue depth. This should result in
systematic biases in the structural analysis. X-ray microtomography passes x-rays through a biological tissue
sample that is being rotated; hence, it can uniformly visualize objects even behind stained structures. The result-
ant three-dimensional image and its reconstruction in Cartesian coordinate space allowed us to evaluate the
structures quantitatively using geometric parameters, such as the vessel curvature. A major limitation of this
study is the size of the group subjected to the structural analysis. Although a significant correlation between the
capillary curvature and the neurite curvature was identified from the analysis of over 1 m of vessels in two brain
areas of four schizophrenia and four control cases (Fig. 4A), the number of cases was limited by the availability
of beamtime at the synchrotron radiation facility. Another limitation of this study is the sporadic or random
property of the Golgi staining that visualizes only parts of the entire vessel network. The present results should,
therefore, be regarded as representing a subset of the entire vessel network of the analyzed samples.

Although post-mortem studies on brain tissues of schizophrenia cases revealed ultrastructural damage rel-
evant to capillaries® and elevated fibrin accumulation in the vascular endothelium?®, the pathology of cerebral
vessels in the post-mortem brain has not been fully understood for schizophrenia'. This study revealed a cor-
relation of the capillary curvature to the neurite curvature (Fig. 4A). Our previous studies*"*? illustrated that the
neurite curvature is significantly higher in schizophrenia cases compared with controls. Further studies on the
blood vessel networks of the human cerebral tissue should be undertaken to delineate the underlying mechanism
of neurovascular abnormalities in schizophrenia.

Materials and methods

Cerebral tissue samples.  All post-mortem human cerebral tissues were collected with informed consent
from the legal next of kin using protocols approved by the Clinical Study Reviewing Board of Tokai University
School of Medicine (application no. 07R-018) and the Ethics Committee of Tokyo Metropolitan Institute of
Medical Science (approval no. 17-18). This study was conducted according to the Declaration of Helsinki under
the approval of the Ethics Committee for the Human Subject Study of Tokai University (approval nos. 11060,
11114, 12114, 13105, 14128, 15129, 16157, 18012, 19001, 20021, and 20022). The schizophrenia patients S1-54
and control cases N1-N4 (Supplementary Table S1) of this study are the same as those analyzed in our previous
report on neuron structure*"?2, Cerebral tissues of Brodmann area 22 (BA22) of the superior temporal gyrus and
BA24 of the anterior cingulate cortex were collected from the left hemispheres of the post-mortem brains and
subjected to Golgi impregnation®. As indicated in our previous studies?*>*”*, the Golgi protocol used in this
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study mainly stains neurons and blood vessels. The Golgi-stained tissues were then embedded in borosilicate
glass capillaries using epoxy resin, as described previously?'.

Microtomography. Tissue structures were visualized with simple projection microtomography at the
BL20XU beamline? of SPring-8 from 2011 to 2018, using monochromatic radiation at 12 keV. Absorption
contrast images of the brain tissues were recorded with CMOS-based imaging detectors (ORCA-Flash, Hama-
matsu Photonics, Japan). The experimental conditions are summarized in Supplementary Table S2. Photon
flux at the sample position was estimated to be 3.8 x 10" photons/mm?/s during the 2018 beamtime by using
Al O;:C dosimeters (Nagase-Landauer, Japan), as reported previously?'. Spatial resolution was estimated to be
1.2-1.6 pm for each beamtime by using three-dimensional test patterns® and from the Fourier domain plot*.
The tissue samples used for the microtomographic visualization are the same as those used in our previous
studies on neuron structure??, except for samples of N1-22B, N2-24A, and N4-22B (Supplementary Table S3).

Structural analysis. Tomographic slices were reconstructed with the convolution-back-projection method
using the RecView software®®, as reported previously?'. The reconstruction calculation was performed by RS.
The obtained datasets of three-dimensional tissue images were subjected to manual tracing to build Cartesian-
coordinate models of the vessel network. The vessel tracing was performed by using the in-house MCTrace
software*!. The first round of the tracing was conducted from 2012 to 2019 using 10 datasets of S1-24 (BA24
of case S1), S3-24A, S3-24B, S3-24C, S4-24, N1-24A, N1-24B, N2-24B, N3-24A, and N4-24 (Supplementary
Table S3). The vessel tracing for these initial datasets were performed without blinding in order to establish the
reconstruction procedure and to examine its feasibility. Blood vessel structures were traced by placing spherical
nodes and by connecting those nodes to build a vessel model composed of cylindrical segments so as to repro-
duce the three-dimensional image of the vessel in the Cartesian coordinate space. The vessel model of the S1-24
dataset was built by RM, those of N1-24B and N3-24A by RM and RS, and the other initial datasets by RS. The
obtained results were used to verify the methodological feasibility and to improve the model building procedure.
The final working models built using these datasets indicated that Cartesian-coordinate models of the blood
vessel network can be reconstructed with this method, as shown in Supplementary Figures S1-S17. Finally, all
the structures of the initial datasets were examined and edited by RM in 2020 to standardize the tracing results.

The other 14 datasets were subjected to the same reconstruction procedure in 2020 with the role allotment
of data management/blinding to RS and data analysis to RM. RS coded data names in order to eliminate human
biases in the model building procedure. The datasets was provided to RM in two batches without the case number
or the brain area information. Each dataset was divided into slabs consisting of typically 500 tomographic slices
in order to accommodate the entire slab in the memory of the PCs used for the structural analysis. Each slab
was first examined by displaying the three-dimensional image with 3x binning so that the entire structure was
viewed to place an initial node, from which the vessel tracing was started. Then, the three-dimensional image was
displayed without binning to precisely trace blood vessels in Cartesian coordinate space. The display threshold
was set to 3 to 5 times the noise intensity to keep the tracing criteria constant. When the vessel structure was
traced to the end of its image, another starting node was searched for in the 3x-binned map again and subjected
to the same procedure. After the vessel tracing was completed for the working image slab, the next slab was
loaded and the same process was repeated to reconstruct the whole vessel network.

The first round of the blinded model-building was conducted on 11 datasets designated later as S1-22, S2-22,
S2-24A, S2-24B, S3-22, $4-22, N1-22A, N2-22, N3-22, N3-24B, and N4-22A (Supplementary Table S3). The
obtained models were locked down and re-assigned to individual cases to aggregate vessel lengths from the 11
datasets along with the initial 10 datasets that were built without blinding as described above. Since the aggre-
gated vessel lengths of BA22 of case N1, BA24 of N2, and BA22 of N4 were less than 10 mm, three additional
datasets (which were later designated as N1-22B, N2-24A, and N4-22B; Supplementary Table S3) were chosen
from the data stock and provided to RM as the second batch without the case number or brain area information.
Vessel networks of the second batch datasets were built with the same procedure. After the models for the three
additional datasets were completed, they were locked down and re-assigned to the cases.

Finally, the obtained Cartesian-coordinate models of the vessel networks of the 24 datasets were subjected
to automatic geometric analysis using the MCTrace software, as reported previously?'. The vessel length was
calculated by summing the lengths of the edges connecting the vessel node centers. Curvature and torsion of
vessels were calculated from the edge trajectory. Mean values of diameter, curvature, and torsion were calculated
by weighting them with the vessel length. The statistics of the obtained structures are summarized in Supple-
mentary Table S3.

The RecView software and its source code used for the tomographic reconstruction are available from https://
mizutanilab.github.io under the BSD 2-Clause License. The model building and geometric analysis procedures
were implemented in the MCTrace software available from the same site under the BSD 2-Clause License.

Statistical tests. Statistical tests of structural parameters were performed using the R software. Significance
was defined as p <0.05. The correlation between the curvatures of capillary vessels and the neurites was exam-
ined using Spearman’s rank correlation coefficient. The difference in variance of mean capillary curvature was
examined using Bartlett’s test. The standard error of the weighted mean was calculated using the ratio variance
approximation*>*,
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