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Label-free fast 3D coherent imaging reveals
pancreatic islet micro-vascularization and
dynamic blood flow
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Abstract: In diabetes, pancreatic S-cells play a key role. These cells are clustered within
structures called islets of Langerhans inside the pancreas and produce insulin, which is directly
secreted into the blood stream. The dense vascularization of islets of Langerhans is critical
for maintaining a proper regulation of blood glucose homeostasis and is known to be affected
from the early stage of diabetes. The deep localization of these islets inside the pancreas in
the abdominal cavity renders their in vivo visualization a challenging task. A fast label-free
imaging method with high spatial resolution is required to study the vascular network of islets
of Langerhans. Based on these requirements, we developed a label-free and three-dimensional
imaging method for observing islets of Langerhans using extended-focus Fourier domain Optical
Coherence Microscopy (xfOCM). In addition to structural imaging, this system provides three-
dimensional vascular network imaging and dynamic blood flow information within islets of
Langerhans. We propose our method to deepen the understanding of the interconnection between
diabetes and the evolution of the islet vascular network.

© 2016 Optical Society of America

OCIS codes: (110.4500) Optical coherence tomography; (110.6880) Three-dimensional image acquisition; (280.2490)
Flow diagnostics; (170.1420) Biology.
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1. Introduction

The pancreas is a gland located in the abdominal cavity with two distinct functions: an exocrine
function involved in digestion and an endocrine function important for glucose homeostasis.
The endocrine function is assumed by highly vascularized structures called islets of Langerhans,
which are scattered throughout the exocrine tissue, and release hormones into the blood vessels.
In rodents, these islets of Langerhans contain a core of 3-cells producing insulin surrounded by
a-cells, o-cells, PP-cells and e-cells producing glucagon, somatostatin, pancreatic polypeptide
and ghrelin, respectively [1]. Previous studies have shown the importance of the vascularization
in pancreatic islets. For instance, it has been shown that a modification of the vascularization
is associated with the early onset of both type I and II diabetes [2-5]. Using functional optical
coherence imaging (FOCI), we found that there is a strong correlation between the increasing
inflammation of the islets and the density of their vascular network [6]. In addition, there are
indications that the glucose intolerance observed in aged mice is due to a vascular impairment
rather than S-cell defect [7]. The deep localization of these islets inside the pancreas in the
abdominal cavity and their heterogeneous distribution throughout this organ renders imaging their
vascularization challenging. During the last decades visualization with immunohistochemistry on
whole mount preparation [8, 9], electron microscopy [10] and methacrylate corrosion casting [11,
12] yielded anatomical information on vascularization, but these ex vivo techniques have been



Research Article Vol. 7, No. 11 | 1 Nov 2016 | BIOMEDICAL OPTICS EXPRESS 4572 I

Biomedical Optics EXPRESS .

solely restricted to structural information. Microsphere based techniques go beyond this limitation
by extracting functional blood flow information in the exocrine and endocrine pancreas [13-16].
However, they require the dissection of the animal to determine the blood flow. These endpoint
measurements prevent the assessment of the full blood flow dynamics and alterations in identical
islets during diabetes progression. In vivo imaging of the vascularization of islets has been
achieved through intravital fluorescence microscopy either in the native pancreas [4, 17, 18],
in grafted islets in the anterior chamber of the eye [19-24] or in striated muscle by using a
dorsal skin-fold window [25-28]. However, fluorescent microscopy requires both genetically
modified mice expressing fluorescent proteins to detect specific cellular populations and the
injection of labelled dextran or labelled red blood cells to image the vascularization and quantify
blood flow. Moreover, three-dimensional islet imaging requires optical depth sectioning which
implies a trade-off between axial and time resolution and prevents a complete characterization of
functional parameters. Therefore, there is a need for an alternative imaging technique having a
good spatial resolution, high sensitivity, sufficient penetration depth, and fast image acquisition
rate to study longitudinally and non-invasively the vascularization and blood flow of islets of
Langerhans. Extended-focus Optical Coherence Microscopy (xfOCM) [29] has been applied
to image islets of Langerhans in vivo and ex vivo [6,30-32]. In OCM, the axial resolution is
determined by the spectral width of the broadband light source whereas the lateral resolution
and depth of field are determined by the classical Abbe criteria. As a consequence increasing the
numerical aperture of the objective decreases the depth of field in classical Optical Coherence
Tomography systems. xfOCM overcomes this limitation by using a Bessel beam creating an
elongated illumination field. These advantages enable the visualization of vascular network by
motion contrast between static structures and moving red blood cells. However, the dynamics of
blood flow and velocity are also important parameters to assess the functionality of the islets of
Langerhans. In this paper, we demonstrated for the first time, quantitative values of pancreatic
blood flow in whole islets in situ. Additionally, we confirm longitudinal imaging of islets over an
extended period of 10 months using the graft technique in the anterior chamber of the eye (ACE).

2. BResearch design and methods
2.1. Animals

Prior to pancreas imaging, ICR mice were anaesthetized by an intraperitoneal injection of a
10 ul/g of body weight solution containing 9 mg/ml Ketasol and 1.45 mg/ml Xylasol. For
imaging sessions longer than 30 minutes, the anaesthesia was prolonged with 1% isoflurane
oxygen mixture (0.8-1 L/min). In vivo xfOCM pancreas imaging was performed by making
a small incision of 0.5 - 1 cm through the flank of the anaesthetized mouse and by gently
extracting the duodenum encircling the pancreas. A small pillar was used for stabilizing the
duodenum during imaging acquisition. Both the pancreas and the duodenum were frequently
humidified with 0.9% NaCl. For ACE imaging, mice (BALB/C or white B6-albino mice) were
anesthetized in an induction box with 3% isoflurane mixed with oxygen (0.8-1 L/min). For
imaging the anesthesia was maintained between 1-2% isoflurane. Physiological parameters
(heart rate, arterial oxygen saturation and breath rate) were monitored with a pulse oximeter
(MouseOx Plus, Starr Life Sciences) with a thigh sensor. Mouse head and eyeball were restrained
as previously described [19].

2.2. xfOCM instrument and data recording

The xfOCM instrument is designed and built for small animal research (Fig.1). The core of
this OCM set-up is a Mach-Zehnder interferometer with decoupled illumination and detection
paths. A broadband infrared light source (Ti:Sa laser, Femtolasers; 1,=800nm, A1=135nm)
is split into reference and sample arm. An axicon lens in the sample arm generates a Bessel
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beam, which is raster scanned in the lateral dimensions to obtain tomograms with high spatial
and temporal resolution. A 10x objective (a water immersion N-Achroplan 10x/0.3 or an air
Neofluar 10x/0.3, Carl Zeiss objective) ensures a lateral resolution of 1.3 um over a depth of
400 pm. After combining the sample back-scattered light field with the reference field, the
resulting spectral interferogram is recorded by a customized spectrometer based on a holographic
transmission grating and a high-speed line-scan camera (Basler Sprint spL.4096-140km, 2048
pixels). The axial resolution, dependent on the light source bandwidth and on the spectrometer,
is approximatively 3 um in tissue. The acquisition rate was set between 5 and 70 kHz depending
on the protocol used (angiography, blood velocity or blood flow) and on the tissue stability. The
illumination power measured at the sample plane was around 5 mW.

broadband light source

A = 800 nm, M = 135 nm spectrometer
> >
iz S substract
c
I3 @ background
kS <
k=211/A ks2m/A Fourier Transform
“\‘ M | ’ I
| E S5 - 100 ym
BS1 T BS2
—scan system
| ——objective

islet of Langerhans

i
C 3

— ACE imaging

< pancreas
D*duodenum

Pancreas imaging

Fig. 1. xfOCM imaging setup for pancreatic islets imaging. A broadband light source is split
by a beam-splitter BS1 into a sample (red) and reference (blue) arm. The back-reflected light
from the sample is recombined with the reference arm by beam-splitter BS2 and detected by
a spectrometer to yield the structure in depth of in situ islets in the pancreas or in grafted
islets in the anterior chamber of the eye (ACE).

2.3. Data processing

At each lateral position the recorded spectrogram was processed to extract the tissue structure in
depth. After subtracting the signal background, k-mapping followed by a Fourier transformation
was applied. The depth structure is displayed by taking the logarithmic squared norm of the
Fourier transform and assume an index of refraction in the pancreas close to n=1.33. Regarding
the vascularization both structural and dynamic imaging can be performed (Fig. 2). Structural
imaging discriminates between static tissue and moving red blood cells to reveal the vascular
network, while dynamic imaging measures the Doppler frequency shift to deduce blood flow
velocities. The structural imaging of moving red blood cells is obtained by modifying the standard
raster scanning approach. It is based on a specific scanning protocol where each line (B-scan)
is scanned several times and processed with a phase variance algorithm [33, 34] (Fig. 2(a)).
This data analysis provides a specific contrast of moving scatterers such as red blood cells. For
pancreas imaging, 6 to 8 B-scans were taken to perform averaging depending on the stabilization
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achieved, whereas for ACE imaging, 8 B-scans were averaged. Extraction of the islet and vascular
volumes were done using algorithms described in previous papers [6,30]. The vascular density is
defined as the ratio between the vascular volume and the islet volume.

g 2 B-scans /—\

& at the same position /—\
— ' circular variances
2 3 .
O e ] x
> £ %5
- 5 o E
(7)) X ¥ o
a g c
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Dynamic
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oversampling on an axis at the same
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blood flow
(nl/min)

Flow =ff V,(x,y) dxdy
S

Fig. 2. Schematic representation of the data processing. a: Structural data processing to
extract vascularization. Lateral scans are taken at the same position but with a time delay At
and the A-scans are analyzed two by two along the time axis to extract the circular phase
variance. For our measurements an axial pixel window of 8 was applied. b: Dynamic data
processing to extract blood velocity or blood flow. u and o are the weighted mean and
standard deviation of the Doppler spectrum, respectively. u and o are used to extract the
total velocity V;,; whereas only the axial velocity component V; is used to compute the
blood flow.

We measured two dynamic parameters: (i) blood velocity and (ii) blood flow. These parameters
are extracted by adapting a joint Spectral and Time domain approach (jSTD) to get the axial
and transversal velocities [35,36]. C-scans of 128x4096x1024 pixels were acquired by scanning
laterally over 200x200 wm. The data are oversampled along the lateral dimension corresponding
to the fast axis of the scanning unit in order to obtain several points at the same transverse location
(Fig. 2(b)). Vessels were segmented by applying thresholding and morphological operators. Blood
velocity was computed using the axial and transversal velocity components to get the so-called
total velocity [36,37]. The median flow velocities over vessel cross-sections were performed
to get an estimated velocity. Blood flow was computed according to the method described by
Srinivasan et al. [38], where for each en face view in a stack, the axial velocities were integrated
over each vessel cross-section to extract the flow in nl/min. This approach does not require the
explicit computation of the vessel angles, which would be cumbersome to determine within the
tortuous islets vascular network. The integration time was fixed to 12 ps. It allows performing
sequential acquisitions of vascular network and blood flow/velocity protocols without adjusting
the intensity in the reference arm. The automatic segmentation of the vessel cross-sections can
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result in false positive vessels. To discriminate the true vessel cross-sections from these false
positive detections, we applied some criteria. In each vessel cross-section, we expect exclusively
positive or negative axial velocity components. However, due to noise or aliasing of the Doppler
frequency, some vessels contain both positive and negative components. We computed the ratio
of negative and positive velocities and vessels with a ratio smaller than 15% were kept. For the
transversal velocity component, a valid estimated velocity was defined as u + 20 < %, where
f's 1s the acquisition frequency, and u and o are the weighted mean and standard deviation of the
Doppler spectrum, respectively. Indeed, pixels satisfying this constraint have a Doppler spectrum,
which is correctly sampled without aliasing. Similarly to the axial component, only vessels with
at least more than 85% of valid estimated velocity were considered.

3. Results
3.1. Islet imaging inside the pancreas

We demonstrated that it is feasible to image islets of Langerhans and their vasculature in situ
without any labeling by surgically exposing the pancreas of live animals (Fig. 3(a-c) and 4). The

ag ) o Ko b

25
20
15

10

vasc. volume \ struct. volume [%]

endocrine exocrine

Fig. 3. Structure and vascularization of islets of Langerhans in sifu. Representative (a)
large islet (13.7x10% pm?), (b) medium islet (7x10® um?) and () small islet (2.7x106 um?).
d: Quantification of the vascular density, i.e, the vascular (vasc.) volume divided by the
structural (struct.) volume in the exocrine and endocrine part. The p-value (***%*) computed
using a Mann-Whitney non-parametric U-test is smaller than 107> 9 mice imaged and 16
islets analyzed. Colorbar indicates the depth in pm. Scale bar: 200 pm.

intrinsic OCM contrast for the 5-cells is caused by the zinc-insulin nanocrystals [6,39], providing
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a strongly enhanced light scattering. Vascularization imaging can be achieved by extracting
the scattering of moving red blood cells. Our imaging reveals a highly dense and tortuous
vascularization inside the islets of Langerhans compared to the adjacent exocrine pancreas. We
measured an endocrine vascular density of 17% agreeing with data reported from Dai et al [4].
We found the islets to be four times more vascularized than the exocrine part (Fig. 3(d)). Our
result is almost twice as large as the 2.4 ratio between the endocrine and exocrine vascular density
reported by Brissova et al. [40]. This difference could be explained by the variation of vascular
density of the exocrine tissue as shown in Fig. 4. The acquisition time for the three-dimensional
stacks shown is realized within a minute. Decreasing the scanned area and the number of averaged
signal can reduce the acquisition time. Beyond the structural vascular network, OCM can be

Fig. 4. Maximum depth projections of the vascular network and corresponding en face views
of the tissue structure for different islets. The number in the top-right corner indicates in
which mouse the islets were imaged from. Colorbars indicate the depth in wm. Stability of the
samples due to heartbeat, breathing and peristaltic movements in the duodenum occasionally
lead to vertical lines in the scans (arrows). Acquisition frequency was therefore adapted
between 20 or 50 kHz depending on pancreas stabilization. Whenever it was possible, we
chose a slower acquisition frequency to enhance the contrast in the vascular network. Scale
bar: 200 wm.

used to quantify the blood velocity. Due to stabilization issue and the oversampling requirement
to extract dynamic information, pancreas blood flow measurement is feasible but challenging.
Indeed, except for the main vessels, blood flow in the pancreas requires a sampling frequency
of 5 to 10 kHz. Figure 5 shows axial velocities computed inside the pancreas at 5 kHz. The
acquisition time for this kind of images was 10 minutes, thus requiring an excellent stabilization
of the pancreas. Nevertheless, when focusing on a selected vessel, the time resolution is sufficient
to extract the heart beat. Figure 6 shows a large vessel in the exocrine pancreas imaged over time.
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Fig. 5. Three-dimensional rendering of the axial blood velocities inside the pancreas. Red
and blue color represent opposite axial blood velocity direction. a: Overlay of both the
structural and blood flow information. b: Corresponding three-dimensional image showing
only the axial blood velocities. Scale bar: 100 pm.

The axial component of the blood velocity along the vessel was computed and several pixels in
depth were averaged to extract vessel pulsation over time (Fig. 6(c)). As presented in Figure 6(d)
using a frequency analysis, the heart beat was found to be around 3.4 Hz, which is in agreement
with the study of Janssen et al. in the case of mixed anesthetics [41].
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Fig. 6. Heart beat frequency. a: Axial components of the blood velocity inside a pancreatic
vessel. b: Vessel pulse over time of the vessel shown in a. ¢: Pulse amplitude of the axial
blood velocity over time. d: Frequency analysis of the signal in c. Acquisition rate was 50
kHz. Scale bar: 20 um.

3.2. Islet imaging inside the anterior chamber of the eye

While longitudinal imaging of the pancreas is feasible, it requires heavy laparotomy and it is
almost impossible to locate the same islet at successive imaging sessions. To overcome this
limitation, we imaged islets grafted into the anterior chamber of the eye (ACE) of mouse, allowing
to perform functional optical coherence imaging (FOCI). We showed that successive imaging
of the same islets is possible over a period of 10 months (Fig. 7). This allows a quantification
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of the islets growth as well as the vascular density. The islets kept growing throughout the
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Fig. 7. Longitudinal imaging over 10 months on ACE islets. a: Orthogonal views of the islet
structure and corresponding maximum depth projection of the vascularization at different
weeks after transplantation. Colorbar indicates the depth in um. b: Evolution of the volume
of the islet normalized by the initial volume at week 2. ¢: Islet vascular density in percentage.
Scale bar: 200 pwm.

study (Fig. 7(b)), to reach a 3.5-fold increase in average volume 11 months post transplantation.
Interestingly, the vascular density initially increased, but then reached a plateau at around 13%
(Fig. 7(c)), which indicates an adaptation of the vascular network to the increasing islet volume.
Indeed, 2 weeks after transplantation, the grafted islets have a similar vascularization as islets
in situ. However, the ACE islet vascular density at two weeks after transplantation is still a
little bit lower than the plateau reached in the following weeks (Fig. 7(c)). This percentage of
vascularization is in the range of what was observed in islets in sifu and is comparable to the
vessel density measured by Almaca et al. [7] in ACE islets after an intravenous injection of
fluorescent labeled dextran.

Even though ACE imaging suffers from movement artifacts (iris and eyeball movements), the
stability is increased when compared to pancreas imaging. Therefore for dynamic analysis of islet
blood velocities and blood flow, we focused on ACE islets. We measured blood velocities (mm/s)
and blood flow (nl/min) for different vessel sizes across different islets and mice (Fig. 8). We
noticed that blood flow inside the largest vessels is 19 times faster than the flow in the smallest
vessels, whereas the blood velocity is only 1.2 faster. The mean blood velocity independent of
vessel sizes is 1.45 mm/s. We found that the noise level for the velocity was at 0.8 mm/s and
constant through the different size categories. To estimate the noise level, we computed velocities
and flow in circular areas in vessel-free regions of the islets. The area size was matching the
vessel cross-section size, i.e. 5.5, 12 and 25 pm diameter for small, medium and large categories
respectively. The main contribution for this noise level is coming from the transversal blood
velocity component whereas the noise level from the axial velocity component is only 0.01
mmy/s. For the blood flow, we found a noise of 0.01, 0.04 and 0.14 nl/min, for small, medium and
large blobs, respectively. This noise level represents a bias and a limit to the smallest detectable
blood flow and blood velocity. The blood velocity measured with OCM values is in the range but
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higher than the blood velocities obtained with fluorescence microscopy by tracking individual
fluorescent red blood cell in islets in the pancreas of mice [18] or fluorescent label dextran in
islets grafted into a hamster dorsal skinfold preparation [25,28]. Using intravital microscopy and
combining the vessel diameter to the blood velocity, a capillary blood perfusion of 1.8 nl/min
was described in islets grafted in a hamster dorsal skinfold preparation [25]. xfOCM blood flow
for similar vessel diameters is 0.5 nl/min. At this stage, it is difficult to know whether these
differences are due to physiological or instrumental origins, i.e, the imaging method, the specie
or the islet graft site.
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Fig. 8. Blood flow and velocities in ACE islets. a: Blood flow for different vessel size
categories. b: Total blood velocity for different vessel size categories, computed from axial
and transversal velocity components. Small (3-8 um), medium (8-16 um) and large (>16
um) vessel diameter sizes. Acquisition frequency: 10 kHz. 3 mice were imaged. Small:
1218 cross-sections analyzed, medium: 1441 cross-sections analyzed, large: 465 cross-
sections analyzed. The diameter of the vessels were determined using the minor axis length
returned by the function regionprops from Mathworks, which returns properties for each
connected components in an image. The noise was computed in circular areas of matching
size in vessel-free regions inside the islets. The p-value computed using a Mann-Whitney
non-parametric U-test is smaller than 1073 for all groups.

4. Conclusion

We have established a label-free imaging technique with spatial micrometric resolution, a high
sensitivity to detect individual islets with their vascularization and monitor blood flow properties
in situ and in the ACE graft site. In vivo xtOCM depth penetration is limited to approximatively
500 wm, therefore for large islets only a part can be imaged. In particular, vascularization imaging
presents shadowing artifacts, resulting in an artificially extended signal of the vasculature in
depth. Compared to fluorescent intravital microscopy, OCM label-free imaging of vascularization
eliminates bleaching or toxicity of the fluorescent contrast agent, rendering OCM suitable for
longitudinal studies in live animals. In addition, xXfOCM is contact free and does not require a
coverslip or to detach the spleen to image the pancreas. Sor far, studies on islet vascular density
have mainly be performed ex vivo by staining markers of endothelial cells [40,42—-44]. Intravital
microscopy has been used to reveal the vascular network in islet [4, 17,45] and to extract blood
velocity [17,25,28]. However, these methods only focus on subpart of vessels lying in a defined
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axial plane whereas OCM can simultaneously resolve all the pixels along the axial dimension,
thereby analyzing several vessels in parallel. This multiplexing advantage allows resolving
blood velocity and flow dynamic as well as to analyze several vessels including a full volume.
Acquisition time with xfOCM varies according to the information to extract: a field of view of
800 um? requires between 5 to 15 seconds for structure and at least twice this time to extract
the structural vascular network. Acquisition of resolved blood velocity over 400 pm (B-scan)
requires between 1-2 seconds, and for a small volume (C-scan) scanned over 200x200 um blood
flow and velocity can be measured in 30 seconds to 1.7 minutes depending on the acquisition
frequency.

In conclusion, fast xfOCM imaging combined with the longitudinal feature of the ACE model
(FOCI) opens the door to study the interaction between islets of Langerhans, its vascular network
and blood flow under physiological and pathological conditions and to monitor during several
weeks the effects of anti-diabetic drugs on individual islets with micrometric resolution.
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