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H I G H L I G H T S    

• Homogenising the refractive index of arterial tissue increases confocal imaging depth.  

• Tracer uptake can be imaged in intact curved or branched segments.  

• We demonstrate and validate the method at the rat aorto-brachiocephalic junction.  

• The detected pattern of permeability is consistent with patterns of lesions and flow.  
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A B S T R A C T   

Background and aims: Elevated uptake of plasma macromolecules by the arterial wall is an early event in 
atherogenesis. Existing optical techniques for detecting macromolecular tracers in the wall have poor depth 
penetration and hence require en face imaging of flattened arterial segments. Imaging uptake in undistorted 
curved and branched vessels would be useful in understanding disease development. 
Methods: Depth penetration was increased by applying optical clearing techniques. The rat aorto-brachioce
phalic junction was imaged intact by confocal microscopy after it had been exposed to circulating rhodamine- 
labelled albumin in vivo, fixed in situ, excised and then cleared with benzyl alcohol/benzyl benzoate. Tracer 
uptake was mapped onto a 3D surface mesh of the arterial geometry. 
Results: Tracer fluorescence was detectable throughout the wall closest to the objective lens and, despite a vessel 
diameter of c. 1 mm, in the wall on the other side of the artery, across the lumen. By tile scanning, tracer 
concentrations were mapped in the aorta, the brachiocephalic artery and their junction without opening or 
flattening either vessel. Optical clearing was also shown to be compatible with immunofluorescent staining and 
imaging of experimental atherosclerosis. 
Conclusions: The technique obviates the need for labour-intensive sample preparation associated with standard 
en face imaging. More importantly, it preserves arterial geometry, facilitating co-localisation of uptake maps 
with maps of biomechanical factors, which typically exist on 3D surface meshes. It will permit the correlation of 
haemodynamic wall shear stress with macromolecule permeability more accurately in regions of high curvature 
or branching, such as in the coronary arteries.   

1. Introduction 

Elevated net uptake of circulating macromolecules by the arterial 
wall is thought to be an early event in the atherosclerotic process. 
Measuring it could provide insight into disease development. Early 
studies used radiotracers but current techniques most often rely on 
fluorescent tracers, quantified in post mortem specimens. As technology 
has advanced, detection systems have moved from microscopes and 

photographic film, through widefield microscopes with intensified or 
cooled CCD cameras, to confocal microscopes with photomultiplier 
tubes [1–5]. In our own implementation of the latter, rhodamine-la
belled albumin tracer is administered in vivo and left to circulate in the 
vasculature for periods of 10 min to 3 h. The animal is then sacrificed, 
the vessels are perfused with fixative and the arteries are excised and 
imaged with a laser scanning confocal microscope [1]. Because depth 
penetration is poor (< 100 μm [6]) and the inner layers of the wall are 
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of most interest, the vessel must be cut longitudinally and mounted en 
face. Thus, imaging is most commonly performed on straight vessel 
segments without large branches; mounting more complex geometries 
flat is challenging. Additionally, whilst the current technique enables 
albumin uptake to be resolved in 3D, the necessary tissue manipulation 
results in a loss of spatial information, making point-by-point compar
isons with other markers, such as computed wall shear stress (WSS), 
unreliable. A non-destructive method where the vessel can be imaged 
intact in a truly 3D fashion would have great utility. 

Here we present such a method based on a combination of optical 
clearing and confocal microscopy. The heterogeneous composition of 
uncleared tissue causes light to scatter and refract at different angles, 
leading to signal attenuation. Transmittance can be increased by 
treating the tissue with optical clearing agents (OCAs), thus replacing 
the water and lipid, which have a low refractive index (RI), with a 
medium whose RI more closely matches that of the other components 
[7]. Clearing agents are classed in three categories: solvent-based, 
aqueous and hydrogel embedding. The former involves dehydrating 
and equilibrating the tissue in organic solvents (e.g. benzyl alco
hol:benzyl benzoate (BABB)) [6,8,9]. Aqueous methods involve im
mersing the tissue in solutions of sugars such as fructose (SeeDB [10]) 
or sucrose (CUBIC [11]). Hydrogel embedding causes tissue transpar
ency by replacing lipids with acrylamide/bisacrylamide (CLARITY 
[12]). These methods have revolutionised the use of microscopy in 
embryology and brain studies [6,13]. 

All OCAs have their advantages and pitfalls. For example, clearing 
tissue with aqueous-based or hydrogel embedding methods can take 
days or weeks, limiting the procedure to small samples [10,11,14,15]. 
However, the tissue architecture is preserved, unlike with solvent-based 
techniques, where some tissue shrinkage has been reported [16]. De
spite this, the use of organic solvents such as BABB provides excellent 
tissue transparency in a wide range of tissues and is both rapid (min
utes) and inexpensive [14,17]. 

In the present work, BABB was employed to overcome the in
herently poor penetration of light into arterial tissue, enabling confocal 
imaging of intact vessels; light was able to penetrate the rat brachio
cephalic artery (BCA; diameter approx. 1 mm) from the adventitia on 
one side, through to the adventitia on the other, and to image the aorto- 
BCA junction, giving nearly distortion-free 3D reconstruction of the 
BCA and tracer fluorescence within it. It was also found to be compa
tible with immunofluorescence staining and with imaging of experi
mental atherosclerosis despite the removal of lipid. 

2. Materials and methods 

Methods for the main permeability experiments are given here. 
Methods for the illustrative results concerning immunostaining and 
lesion detection are given in the Supplementary Materials. 

2.1. Animals 

All animal experiments complied with the Animals (Scientific 
Procedures) Act 1986 and were approved by the Local Ethical Review 
Process Committee of Imperial College London (Home Office Licence 
Licences PPL 70/733 and PPL P15180DF2). Healthy male Sprague- 
Dawley rats (Charles River Laboratories, UK) weighing between 230 
and 290 g (n = 15) were housed in groups of 5 at 18–22 °C on a 12 h 
light:dark cycle and fed a standard laboratory diet with tap water ad 
libitum. 

2.2. In vivo protocol 

Rats were anaesthetised (induction: 5% isoflurane, maintenance: 
1.5–2.5% isoflurance) and rhodamine-albumin tracer (150 mg/kg, 
prepared as described in Ref. [1]) was administered via the lateral tail 
vein (n = 10); in control experiments the tracer was omitted (n = 5). 

After 30 min, sodium pentobarbital (Euthatal, approx. 140 mg/kg iv) 
was administered and, after a midline thoracotomy, the left ventricle 
was cannulated. The dose of Euthatal was chosen to keep the heart 
beating, and hence to avoid complete depressurisation. The arterial 
system was flushed with 30 ml of heparinised saline (200 U/ml heparin, 
0.9% NaCl) followed by 30 min of in situ fixation with 15% for
maldehyde (VWR chemicals), both at physiological pressure. A small 
incision in the right atrium permitted drainage of the perfusate. The 
aortic arch and its daughter vessels were excised and stored overnight 
in 15% formaldehyde. 

2.3. Tissue preparation 

The tissue was washed in PBS and dehydrated in a graded series of 
ethanol (70, 90 and 100%) for 5 min each. BABB was prepared by 
combining benzyl alcohol with benzyl benzoate (2:1 v/v). The aorta 
was placed in a 1:1 v/v mixture of ethanol and BABB for approximately 
5 min until the vessel sunk to the bottom of the vial, and then trans
ferred to 100% BABB. Specimens, which became translucent within 
minutes, were stored in BABB. 

2.4. Confocal microscopy 

The optically-cleared aortic arch with its daughter vessels was 
placed horizontally on a glass coverslip and submerged in a drop of 
BABB. Imaging was performed with an inverted Leica TCS SP5 laser 
scanning confocal microscope with a computer-controlled motorised 
stage and 10 × 0.3NA dry lens. Tissue autofluorescence and rhoda
mine-albumin were excited at 458 nm and 561 nm and detected at 
465–515 nm and 595–610 nm, respectively. The voxel size was 
1.2 × 1.2 × 1.5 μm in the x-, y- and z-directions, respectively. The 
photomultiplier (PMT) gain setting was adjusted for each vessel to 
ensure that the maximum pixel intensity was just below saturation. To 
reduce in-plane non-uniformity of signal intensity due to the geometry 
of the optics, a zoom setting of 1.2 was used. Two overlapping volumes 
of interest (VOI) termed “upper” and “lower” were imaged (see  
Fig. 1A); data were acquired slice-by-slice in the z-direction in each 
VOI. Fig. 1B and C shows example optical sections and Fig. 1D shows 
volume renderings from one dataset. Data are presented in arbitrary 
units (A.U.) of signal intensity. The length of BCA imaged was 
2.1  ±  0.66 mm (mean  ±  SEM) and scanning took approximately 
45 min. 

For one rat, acquisition was extended to four VOIs, including seg
ments of the aortic arch, to assess the use of the technique for imaging 
larger structures. 

2.5. Image processing pipeline 

2.5.1. Finding the luminal surface 
3D image volumes were resampled to give an isotropic voxel size of 

1.5 μm and median filtered (kernel size 3) to reduce noise using 
Visualisation Toolkit (VTK)-Python scripts (www.vtk.org [18]). Level 
set segmentation in the Vascular Modelling Toolkit (VMTK) (www. 
vmtk.org [18,19]) was used to find the luminal surface in the auto
fluorescence image volumes. This segmentation generates a surface 
conforming to the regions with greatest intensity gradients. Level sets 
were initialised using the fast marching method as follows. Source and 
target seeds were selected in the image volume at each end of the vessel 
(Supplementary Fig. 1). An initial deformable model was created by 
propagating a front from each of the seeds until they met. A threshold 
value approximately equal to the mean intensity of the lumen was 
chosen to ensure the wave propagation did not extend beyond the ar
tery wall. The deformable model was then refined through 500 itera
tions to produce the final level set. The marching cubes algorithm was 
used to generate a surface mesh from the deformable model. 

Performing the level set segmentation on the original image volume 
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(1.5 μm voxel size) was time consuming (> 8 h) and produced a ‘coarse’ 
surface compared to the mesh generated using a down-sampled image 
volume (10.2 μm); the mesh generated from the low resolution dataset 
was smoother and represented the lumen more appropriately 
(Supplementary Fig. 2), whilst the time required to segment the image 
volume was drastically reduced, to 10 min. Therefore, the auto
fluorescence channel was routinely down-sampled to 10.2 μm before 
segmentation. 

2.5.2. Calculating the tracer sum 
The low-resolution surface was used to probe the rhodamine-al

bumin image volume with isotropic 1.5 μm voxel size, using a purpose- 
written VTK-Python script. At every mesh vertex, normals were pro
jected from the surface into the wall to a distance of 10 μm 
(Supplementary Fig. 3A). The signal intensity of the image volume was 
determined at 1 μm intervals along these normals and summed, and this 
tracer uptake was then mapped onto the surface. Since each BCA was 
acquired at a unique PMT gain setting, the signal intensity for each map 
was adjusted using a signal intensity-PMT gain calibration curve (see 
Supplementary Materials). 

2.5.3. Stitching upper and lower segments together 
Upper and lower segments of the BCA were aligned by landmark- 

based rigid registration using the Image Registration Toolkit (IRTK) 
(https://biomedia.doc.ic.ac.uk/software/irtk/, Licence from Ixico Ltd 
[20–23]). 7–10 landmarks were manually placed on each mesh in areas 
with matching features (Supplementary Fig. 3B). Meshes were then 
stitched in Blender (www.blender.org) using the available Boolean 
operation (union), which fused the two vessels together at their surface 
intersections. Internal overlapping faces were removed to produce the 
final surface. The mesh was subsequently smoothed using the Screened 
Poisson reconstruction method in Meshlab (http://www.meshlab.net 
[24,25]). The technique involves estimating an indicator function from 
the surface normals by calculating their divergence. The indicator 
function can then be used to re-compute the surface using the marching 
cubes algorithm. The surface resolution was approximately maintained. 

2.5.4. Averaging branches 
In order to show an average map of albumin uptake for all animals, 

it was necessary to project the data from each BCA surface on to a 
reference mesh. To achieve this, each branch (topologically a cylinder) 
was cylindrically mapped by the method presented in Ref. [26] (im
plemented in VMTK). Briefly, the vessel centerline was computed and 

every point on the mesh was assigned a longitudinal and circumfer
ential coordinate (Supplementary Fig. 5). The circumferential co
ordinate system was always aligned to start at the outer curvature of the 
BCA. Using a purpose-written VTK-Python script, 2000 landmark points 
were automatically placed evenly around the circumference and along 
the length of the vessel. This procedure was repeated for all individual 
BCAs, one of which was arbitrarily termed the reference mesh. Subse
quently, the landmark points were used to perform a non-rigid regis
tration, using IRTK, between the vessel of interest and the reference 
mesh. This ensured the vessels matched the topology of the reference 
mesh more closely. 

Using a VTK-Python script, rays were cast along the surface normals 
of the reference mesh. Rays were cast outwards from the subadjacent 
wall. Since vessels did not exactly deform to the topology of the re
ference mesh, it was also necessary to cast rays inwards (into the 
lumen) to ensure data from vessel segments found within the reference 
mesh were also included. To avoid rays intersecting the opposite wall, 
the ray length was limited to 500 μm. If an intersection between the ray 
and the surface was found, the data found at that coordinate point was 
projected onto the reference mesh. If no intersection was found, the 
value on the reference mesh was given a NaN value. Once the uptake 
for all BCAs was mapped onto the reference mesh, the average was 
computed. 

For three datasets, cylindrically mapped BCAs were also virtually 
opened with a VTK-python script to visualise the uptake in 2D. Surface 
elements associated with circumferential coordinates at either side of a 
defined cutting line (-π to π) were removed. The vessel was subse
quently ‘unwrapped’ to a plane. 

2.6. Correcting image artefacts 

2.6.1. Axial scaling (AS) correction 
The surface mesh generated from the autofluorescence channel did 

not exactly represent the lumen in the rhodamine-albumin image vo
lumes (Supplementary Fig. 8). RI mismatches between the coverglass, 
immersion medium and tissue cause axial (z) displacements in the po
sition of the focal plane [25–29]. As a result of this phenomenon, not 
only did the BCA appear compressed in the axial dimension but there 
was also a noticeable difference in the position of the wall between the 
two image channels, attributed to the wavelength dependence of the RI. 
As this is a scaling effect, the phenomenon was more pronounced on the 
posterior wall. To compensate, an axial scaling (AS) factor of 1.004 was 
applied to the z-dimension of the surface mesh generated from the 

Fig. 1. Position of the VOIs with respect to the whole aortic arch (A). A cross-section of the BCA for the autofluorescence (B) and rhodamine-albumin (C) channels in 
arbitrary units (A.U.) of signal intensity. Volume renderings of each VOI for autofluorescence and rhodamine-albumin data (D). Mean blood flow direction is from 
upstream (U) to downstream (D). 
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autofluorescence channel before it was used to probe the rhodamine- 
albumin channel. The factor was determined experimentally, based on 
a method reported by Ref. [29] (see Supplementary Materials). Note 
that an absolute scaling correction was not performed, only an adjust
ment to make the geometry independent of wavelength. 

2.6.2. Imaging the BCA en face 
The 3D image data from three vessels were compared with data 

from the same optically-cleared vessels imaged en face. The aortic arch 
was removed so that the tissue would lie flat. The BCA was then cut 
open longitudinally and mounted endothelial surface down in BABB on 
a glass coverslip. To image the whole BCA, a tile-scan setting was used 
(with the same imaging parameters as for the intact tissue). Each tile 
consisted of a stack of slices in the z-direction, from the endothelium 
towards the adventitia. Subsequently, each x-y slice in the tile was di
vided by a 2D image of a uniformly fluorescent Chroma slide (imaged 
using the same parameters) for flatfield correction. 

2.6.3. Statistics 
The difference between experimental and contral data was assessed 

by Student's unpaired t-test. The difference in fluorescence intensity 
between pairs of regions was assessed using Student's paired t-test. The 
criterion for statistical significance was p  <  0.05. 

3. Results 

3.1. Wall uptake of rhodamine-albumin mapped in intact vessels 

The highest uptake of rhodamine-albumin occurred on the flow 
divider of the aorto-brachiocephalic junction and on the inner curva
ture of the BCA (Fig. 2A). Regions with highest standard error of the 
mean (SEM; Fig. 2B) coincided with regions of high albumin uptake; the 
magnitude of the SEM ranged from 1 to 20% of the mean values at the 
same location, indicating an overall low variability between rats. The 
average signal intensity for all branches was 340.69  ±  28.23 A U. 
Control experiments, with tracer omitted, produced a more uniform 
fluorescence with low average intensity (Fig. 2D) of 50.41  ±  7.26 A U. 
Tracer intensity was significantly higher than background (p  <  0.001). 

In the BCA of rats injected with tracer, fluorescence intensity was 
significantly higher in the inner curvature than the outer curvature, and 
in the upstream (proximal)) half than the downstream (distal) half. In 

control rats, not injected with tracer, there was no significant difference 
between the inner and outer curvatures, but there was a significant 
difference between the upstream and downstream halves (Table 1). The 
latter difference (∼10% of the mean value) was proportionally much 
smaller than the equivalent difference in experimental values (∼30% of 
the mean value) and presumably reflects a change in wall structure, and 
hence in autofluorescence, on progressing down the vessel. The ability 
to detect such small differences with a modest sample size illustrates the 
precision of the technique. 

For the single rat in which the 3D method was extended to include 
segments of the aortic arch, elevated albumin uptake was additionally 
found on the outer curvature and proximal regions of the aortic arch 
(Fig. 3). 

To validate the results obtained in intact vessels, albumin uptake in 
the walls three BCAs that had been imaged intact was compared to the 
equivalent data from the same vessels subsequently opened and imaged 
en face. The pattern of uptake was similar in all regions imaged by both 
methods except for an overall loss of signal intensity (but not a differ
ence in local pattern) on the posterior wall of tissue imaged intact – i.e. 
the tissue that was furthest from the lens (Fig. 4). 

The drop-off with depth was investigated further. Autofluorescence 
intensities were consistently higher in the anterior wall (closer to the 
lens) than the posterior wall (furthest from the lens) in all control da
tasets (e.g. Fig. 4B), even though the orientation of the specimen on the 
cover slip was randomised so that the anterior surface corresponded to 
different anatomical locations in different datasets. Fig. 4C shows the 
signal intensity against depth at one x, y location; assuming that there 
are no large scale variations in true autofluorescence intensity from one 

Fig. 2. Average uptake of rhodamine-albumin in the BCA (n = 10) (A). A uniform low background signal intensity was observed in control BCAs, where tracer was 
omitted (n = 5) (D). The SEM is in the same arbitrary units of signal intensity (note the different scale) for rhodamine-albumin (B) and controls (E). Overlap maps for 
rhodamine-albumin (C) and controls (F) show the number of branches accounting for the average at each location. Mean BCA blood flow is from bottom to top. 

Table 1 
Differences in fluorescence intensity between regions of the rat brachiocephalic 
artery.        

Inner curve Outer curve Upstream half Downstream half  

Experimental 
Mean (n = 10) 353.9 295.9 302.9 399.8 
SEM 36.7 25.9 25.3 38.2 
p value 0.014  < 0.001 
Control 
Mean (n = 5) 53.8 54.9 54.4 50.2 
SEM 10.5 11.0 10.1 10.2 
p value 0.413 0.007 
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side of the vessel to the other (see Table 1, Controls, inner vs outer 
curvature), then approximately 30% of the signal intensity was lost 
from the anterior to posterior wall. Since the depthwise slices were 
acquired sequentially, the role photobleaching was investigated, as 
described in the Supplementary Materials; photobleaching appeared 
too slow to be a plausible cause of the bias. 

3.2. Optical clearing was compatible with immunostaining 

An en face image of PECAM-1 (CD31) immunostaining in rabbit 
descending thoracic aorta that has been fixed between antibody treat
ment and optical clearing is shown in Fig. 5A. It is evident that labelling 
of inter-endothelial junctions was preserved. 

3.3. Optical clearing was compatible with lesion detection 

Example images are of tissue from a male apoE−/− mouse fed a fat- 
rich diet for 25 weeks from weaning. An en face image of the whole 
outer curvature of the aortic arch, including branch mouths and lesions 
stained with Oil Red O, is shown in Fig. 5B. It was obtained by con
ventional epifluorescence microscopy prior to optical clearing. The 
classical pattern of the lesions filling, or nearly filling, the branch ostia 
is evident. 

Tissue autofluorescence around the origin of the left subclavian 
artery, imaged after optical clearing, is shown in Fig. 5C–E. (The Oil 
Red O staining was removed by BABB.) Renderings of the 3-D data set 
show the geometry of the branch, and the orientation of the two or
thogonal planes through the branch that were examined by extracting 
2-D data from the full image. The normal wall and lesions are clearly 
distinguishable in the 2-D planes by their different structures and from 
the voids in the lesion areas where lipid was extracted during optical 
clearing. 

4. Discussion 

The rat BCA and aorto-brachiocephalic junction were imaged intact 
and uptake of circulating albumin by the vessel wall was mapped with 
micron-scale spatial resolution in a truly 3D fashion for the first time. 
Despite a vessel diameter of approximately 1 mm, fluorescence was still 
detectable by confocal microscopy on the posterior wall of the intact 
BCA; this was made possible by homogenisation of RIs using the BABB 
optical clearing technique. This penetration distance is approximately 
an order of magnitude greater than the depth in uncleared tissue that 
can be imaged en face with the same microscope. (Although the greater 
part of the 1 mm was arterial lumen in the present case, similar in
creases in penetration depth are also seen when that is not the case – see  
Supplementary Fig. 10). The method was also shown to be capable of 
imaging larger structures: the technique was extended to regions of the 
aortic arch as well as the BCA. Signal intensity in the experimental 
group was many times higher than in the control (i.e. no tracer) group, 
where a low and more uniform fluorescence was observed. There was 
good agreement between the new technique and the pattern of uptake 
obtained when imaging the same vessels en face. It is likely that in
creased depth penetration could also be achieved by two-photon mi
croscopy or light-sheet microscopy in conjunction with optical clearing. 
However, the present method uses equipment that is more widely 
available. 

Uptake of albumin was highest in the flow divider of the aorto- 
brachiocephalic junction, and in the initial segment and inner curvature 
of the BCA. The relatively low magnitude of the SEM at each point in 
the map suggested low variability between rats. To our knowledge, 
there have been no previous studies mapping the pattern of macro
molecule uptake in the rat BCA. However, Phinikaridou et al. [30] 
detected elevated uptake of labelled-albumin in the inner wall of the 
BCA of apoE−/− mice fed a high-fat diet, using an MRI-based method, 
and our own group (Mohri Z. et al., unpublished data, 2015) observed 
elevated uptake of rhodamine-albumin around branch mouths of 

Fig. 3. For one dataset, imaging uptake of rhodamine-albumin was extended to regions of aorta further upstream and downstream of the BCA.  
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vessels in the aortic arch of apoE−/− mice in a study using confocal 
microscopy of en face preparations. 

Disease patterns have been examined in the BCA of various species, 
although not in rats, which are not prone to experimental athero
sclerosis. McGill et al. [31] found lesions around the origin of the BCA 
in dogs fed a high-fat diet for 8 weeks and many studies have identified 
the presence of highly eccentric plaques in the BCA of apoE−/− mice 
[32–37]. Atherosclerotic lesion frequencies have been studied at the 
bifurcation of the human BCA, where the pattern is again nonuniform 
[38,39]. Thus although the disease clearly has a patchy distribution in 
this vessel, we are not aware of any studies that can be directly com
pared with the distribution of tracer described above. 

The pattern of albumin uptake, and of disease, might depend on 
local haemodynamic influences, particularly WSS. The current con
sensus is that areas experiencing low and oscillatory WSS are most 
prone to atherosclerosis [40], although this has been questioned [41]. 
The BCA is curved, at least in its proximal part. In a planar curved 
vessel, it is expected that the velocity profile becomes skewed by sec
ondary motions so that the outer wall experiences high WSS and the 
inner wall experiences low WSS. This difference is exaggerated if there 
is flow separation on the inner wall. A number of computational si
mulations of flow in the mouse aortic arch and at least the proximal 
BCA appear to support this distribution of WSS for anatomically-rea
listic geometries [42–45]. If that also applies to the rat BCA, then the 

elevated albumin uptake on the inner curvature correlates with low 
WSS. 

The situation at the flow divider is more complex. In general, high 
WSS is expected on both sides of it, since a new boundary layer has to 
develop. On the other hand, there should also be a stagnation point, 
where fluid is stationary and WSS reduces to zero, on the tip of the flow 
divider or close to it. The precise location may vary during the cardiac 
cycle, leading to a larger region of low average WSS. Consistent with 
these expectations, CFD studies of WSS in the mouse aortic arch do 
generally show high WSS on the flow divider, and in some cases the 
resolution and/or geometric accuracy permit low WSS on at least part 
of the tip to be visualised [42–44]. Computational modelling of flow in 
the rat and a precise comparison would be required to determine 
whether the elevated uptake we observed at the flow divider correlates 
better with the low or high WSS regions, or indeed with other features 
of the flow. The data processing techniques described above provide a 
3-D surface representation of uptake that would readily allow such a 
comparison. (For simpler cases, less complex processing would suffice; 
even extracting simple cross sections through the vessel would give 
valuable data on variation in tracer uptake.) 

The 3D imaging technique reported here may have some limita
tions. It is possible that the method for summing tracer uptake could 
have been a source of error. Normals with of length of 10 μm were 
projected from the luminal surface into the wall and the voxel intensity 

Fig. 4. (A) For datasets from three vessels, the intact BCAs were virtually ‘unwrapped’ along the sagittal plane. The real vessels were physically cut open at the same 
position and imaged en face. Data were normalised to the 98th intensity percentile in each image. Salient features in the patterns are numbered for comparison 
between the techniques: OC and IC indicate the outer and inner curvature of the BCA, respectively. “A” represents the anterior wall (i.e. nearest the lens when imaged 
intact) and “P” the posterior wall (furthest from the lens). Mean blood flow is from left to right. White areas represent areas where imaging failed due to the tissue not 
flattening perfectly. (B) Signal loss with depth from the anterior to the posterior wall for one control dataset. (C) Signal intensity against depth for one x, y location. 
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in the rhodamine-albumin channel was detected at 1 μm intervals along 
the normals. As the surface was non-planar, it is possible that some 
voxels may have been included twice and some regions may have been 
undersampled. Errors of this type would have been most severe in areas 
of high local curvature. 

A second source of error is apparent from the observation that signal 
intensity in the wall furthest from the lens was consistently lower than 
in the wall nearest the lens; that was true for autofluorescence, even 
though the orientation of the vessel was randomised and auto
fluorescence is expected to be relatively uniform. Signal drop-off with 
depth is dramatically reduced by optical clearing; without the use of 
BABB, it would have been much greater (see Supplementary Materials). 
Nevertheless, some drop-off appears to remain. A number of methods 
exist for correcting such errors; they involve estimating or computing 
an attenuation function experimentally, with a ray tracing geometrical 
approach [46,47] or with statistical methods [48,49]. In the present 
study, however, we used the simpler method of positioning vessels 
randomly on the microscope slide, so that there would have been no 
systematic bias in which wall was nearer to or further from the lens, 
minimising effects of drop-off in the average data and obviating the 
need for correction. 

A final source of error that we investigated was the effect of pho
tobleaching. The confocal optics are such that out-of-focus regions of 
the tissue remain illuminated as each slice is acquired [50]. To measure 
the effect of this, a vessel that had taken up rhodamine-albumin was 
repeatedly scanned. By the 4th repeat, the signal intensity had reduced 
by 10%. Tissue pretreated with an anti-fade agent for 24 h showed 
negligible signal loss (see Supplementary Materials). Whilst photo
bleaching was not thought to be a major source of error in the present 
study, the treatment of tissue with an anti-fade agent before imaging is 
desirable and should be incorporated in the methodology. 

The major focus of the present study was the investigation of tracer 
uptake by the arterial wall. Nevertheless, we also examined the com
patibility of solvent-based optical clearing with detection of 

immunostaining and of lipid-rich arterial lesions. Our experience is that 
conventional antibody staining does not survive optical clearing. 
Modified aqueous clearing methods do permit immunostaining (e.g. 
[51]) but here we used the simpler method of secondary fixation fol
lowing immunostaining, to immobilise the antibodies during sub
sequent clearing with BABB. Immunostaining of PECAM-1 at en
dothelial cell borders was visible using this technique. We also found 
that atherosclerotic lesions could be identified from characteristic 
structural changes in the wall, even though the lipid (and lipid staining) 
is extracted during clearing with BABB. A similar method has been used 
in optical tomographic imaging of the mouse aorta [52]. 

In conclusion, wall uptake of albumin was mapped in a truly 3D 
fashion in an intact artery for the first time. The conserved geometry of 
the vessel allows for more accurate spatial correlations between per
meability, disease and haemodynamic influences, particularly in re
gions where vessel geometries are complex, and hence will further our 
understanding of the pathogenesis of atherosclerosis. 
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Fig. 5. (A) En face confocal image of an aorta that was stained with monoclonal mouse anti-human CD31 and Alexa Fluor 488-labelled goat anti-mouse IgG (yellow) 
and Qnuclear nuclear stain (red), then post-fixed and optically cleared. The image has dimension of 133 × 116 μm (x, y). (B) The outer curvature of the aortic arch, 
with the root at the top of the image, viewed en face. The three branch ostia are the origins of, from top to bottom, the brachiocephalic, left common carotid and 
subclavian arteries. The image was acquired by conventional epifluorescence microscopy (4× objective and standard Zeiss filter sets for fluorescein and rhodamine) 
before optical clearing and hence shows the red fluorescence from lipid stained with Oil Red O, as well as green autofluorescence. Slight discontinuities in the 
geometry arise from inaccuracies in tile stitching. (C) 3-D rendering of autofluorescence from the aortic region (area approximately 1.2 × 1.2 mm) around the mouth 
of the left subclavian artery and the initial portion of the branch itself. The segment was optically cleared before imaging. (D) The same rendering but with two 2-D 
image planes indicated as black surfaces. (E) The 2-D images, approximately parallel to and just outside the aortic wall (Top) and perpendicular to the aortic wall, 
longitudinally through the centre of the branch (Bottom). The normal wall and the occlusive lesion on the upstream lip of the branch are clearly distinguishable from 
the structure revealed by autofluorescence, and from the voids in the lesion where lipid was extracted during optical clearing. The severely stenosed lumen of the 
subclavian is visible as a narrow dark area between the surface of the lesion and the flow divider. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.) 
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years of beginning the submitted work that could inappropriately in
fluence, or be perceived to influence, the work. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https:// 
doi.org/10.1016/j.atherosclerosis.2020.07.002. 
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