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Abstract

Intravital microscopy is a uniquely powerful tool, providing the ability to characterize cell and 

organ physiology in the natural context of the intact, living animal. With the recent development 

of high-resolution microscopy techniques such as confocal and multiphoton microscopy, intravital 

microscopy can now characterize structures at subcellular resolution and capture events at sub-

second temporal resolution. However, realizing the potential for high resolution requires 

remarkable stability in the tissue. Whereas the rigid structure of the skull facilitates high-

resolution imaging of the brain, organs of the viscera are free to move with respiration and 

heartbeat, requiring additional apparatus for immobilization. In our experience, these methods are 

variably effective, so that many studies are compromised by residual motion artifacts. Here we 

demonstrate the use of IMART, a software tool for removing motion artifacts from intravital 

microscopy images collected in time series or in three dimensions.
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Introduction

Although intravital microscopy has been conducted for more than 200 years,1 its scope has 

significantly expanded with the development of confocal and multiphoton microscopy, 

whose optical sectioning provides biomedical researchers with the capability to conduct in 

vivo studies at cellular and subcellular resolution. However, achieving subcellular resolution 

in intravital microscopy requires that tissues be free of even the slightest motion. For studies 

of the brain, tissue stability is provided by the rigid constraints of the skull. However, for 
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most parts of the body, tissue motion is not similarly constrained. As a result, high-

resolution in vivo imaging of most organs and tissues requires methods to reduce, if not 

eliminate, tissue motion resulting from respiration and heartbeat.

A variety of systems have been developed to eliminate tissue motion in intravital 

microscopy. The most widely used system is the dorsal skin-fold chamber,2 which clamps a 

flap of skin tissue into a rigid metal frame, supporting a variety of studies of angiogenesis,3 

microvascular function,4 tumor biology, 5 and bio-material interactions.6 Tumor 

development has also been imaged using surgically inserted imaging windows—for example 

a mammary gland imaging window—which is immobilized by rigid attachment to a 

specially designed stage-top box.7,8 The Weigert laboratory developed a holder system that 

immobilizes the sub-mandibular salivary glands of rodents sufficiently to support resolution 

of the dynamics of individual endosomes and secretory vesicles in vivo.9-11

Studies of visceral organs, which are free to move beneath an imaging window, require 

additional steps to immobilize the organ without compromising its function. High-resolution 

intravital microscopy of the rodent kidney can be accomplished by placing the kidney in a 

specially designed “kidney cup,”12,13 although satisfactory stability can also be provided by 

the pressure of the animal's own weight, when the externalized kidney is imaged from below 

on an inverted microscope.14 Several groups have achieved high-resolution imaging of the 

rodent liver, after immobilization by direct adhesion to a coverglass window.15-19 High-

resolution imaging of the lung has been accomplished by synchronizing image acquisition 

with respiration and adhering the lung to a coverslip via an adhesive20 or via vacuum.21-23 

High-resolution imaging of the beating heart can be accomplished by synchronizing image 

collection with signals from an electrocar-diogram.24 Stabilization of the intestine for 

intravital microscopy is simplified by the fact that a small loop can be externalized from the 

body,25,26 thus isolating the tissue from body motions. Recently, several general solutions 

have been developed to stabilize abdominal organs for intravital microscopy, including a 

“suctioning stabilizer,”27 a “microstage device,”28 and a unique window whose frame is 

bonded to the target tissue.29

Each of these techniques can provide effective immobilization of tissue with sub-micron 

precision. However, in our experience, the effectiveness of organ immobilization varies 

according to the morphology of the animal, resulting in residual motion artifacts in many 

imaging data sets. Here we demonstrate the use of novel image registration software that we 

have developed to address the residual motion-induced artifacts characteristic of images 

collected by intravital microscopy. Equally capable of correcting motion artifacts in images 

collected in time series or in three dimensions, this software can be used to restore intravital 

microscopy data to a quality that supports quantitative analysis at the highest resolution. We 

also describe how interested researchers can obtain, install and use this software.

Results

IMART: intravital microscopy artifact reduction tool

As mentioned above, methods of organ stabilization are frequently very effective in 

eliminating tissue motion. Successful stabilization of the kidney with a kidney cup is 
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depicted in Figure 1, which shows the results of multiphoton microscopy of the kidney of a 

living rat, following intravenous injection of Hoechst 33342 (labeling nuclei blue), 3000 

MW TexasRed dextran (red, internalized into endosomes of proximal tubule cells), and 

500000 MW fluorescein dextran (green, in intertubular capillaries). In the time series of 120 

images collected over two minutes (Video S1), the only discernible motion is that of the 

blood flowing in the vasculature. This stability is demonstrated graphically in Figure 1B, 

which shows a volume rendering of this data, with the sequential images of the time series 

arrayed vertically.

We have found that the kidney may be imaged with minimal motion artifacts even without a 

kidney cup by collecting images from below on an inverted microscope stand, a condition in 

which the weight of the animal effectively immobilizes the kidney against the imaging cover 

glass. However, the effectiveness of either approach varies according to the morphology of 

each rat, resulting in unforeseen motion artifacts in some studies. An example is presented in 

Figure 2. Figure 2A shows the first of a series of 45 images collected from a rat following 

intravenous injection of Hoechst 33342 and TexasRed-labeled albumin. The motion artifact 

is apparent in Figure 2B, which shows an “XT” image, an image in which sequential images 

collected along the white line shown in Figure 2A are arrayed vertically. However, the 

motion artifact is better appreciated by viewing the animation of the time series, shown in 

Video S2. This video demonstrates the unique nature of the motion artifact encountered in 

intravital microscopy; unlike the rigid translation of the field that results from stage drift, 

tissue motion in intravital microscopy can result in substantial warping of each individual 

image. This intra-scene distortion reflects the fact that the field is disturbed several times 

during the collection of a single image, reflecting the relatively slow rate of image capture 

relative to the high respiratory and heart rate of laboratory rodents.

There are a number of software solutions available for correcting motion artifacts in 

microscopy data, many provided as plugins for ImageJ. One of these plugins, 

Intravital_Microscopy_Toolbox,30 can be used to automatically identify and eliminate 

distorted frames from a set of images collected in time series. Most motion-correction 

solutions are designed to correct for the effects of simple translation, such as those occurring 

in studies of cells grown in culture. Although there are a few ImageJ plugins designed to 

correct for the kinds of non-rigid distortions characteristic of intravital microscopy images, 

we have found none that provide an efficient, effective solution for motion artifacts in 

sequences of intravital microscopy images. In order to provide researchers with a simple 

tool that can be used to correct motion artifacts in sequences of images collected in time 

series or in three dimensions, we developed IMART (Intravital Microscopy Artifact 

Reduction Tool), which corrects motion artifacts through a combination of rigid and non-

rigid image registration techniques.

Image registration is a process in which two or more images acquired at different times, 

from different sensors with different resolutions or dimensions, or from different 

viewpoints/perspectives are matched to one another.31 This matching is accomplished via a 

process in which all of the images in the data set are transformed and aligned into a shared 

coordinate system. The process is often described as finding an explicit function that 

performs a mapping of a target image onto a source image.32 Our approach is based upon 
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the idea that two sequentially collected images are, for the majority of the field, identical to 

one another. Thus, the quality of the registration of two images can be measured in terms of 

their overall similarity after correction. Rigid registration is first performed to correct global 

translations throughout the image sequence. This process performs an optimization to 

determine the corresponding horizontal and vertical displacement values that maximize the 

similarity between two sequential images. This similarity may be defined using one of many 

metrics, with a commonly used metric being the sum of squared differences between the 

pixel intensity values of the moving and reference images. This pairwise optimization is 

performed for all images in the data set.

Rigid registration is then followed by a non-rigid registration step, whose focus is on 

correcting small-scale, nonlinear/ non-rigid distortions. Non-rigid registration is 

accomplished by deformation of an underlying grid of control points. Initially evenly 

spaced, this grid is iteratively deformed, according to a cost function consisting of two terms 

with competing goals. The first goal is to maximize the similarity and alignment between the 

reference image and the image being deformed, using similarity metrics similar to those 

used for rigid registration. The second goal is to smooth and regularize the deformation to 

create a realistic transformation. Finding a procedure that effectively and efficiently 

balances the priorities of similarity and smoothness is the major challenge of non-rigid 

image registration. Details of the operation of the algorithm, how various similarity metrics 

are defined, and how these control points are mathematically optimized can be found in a 

description of a previous version of the software.33

Use of IMART for correcting motion artifacts in time series intravital microscopy data

The results of applying this software to the data shown in Figure 2 are shown in the right 

panel of Video S2, and in the XT image shown in Figure 2C. Both figures show that the 

software has effectively eliminated horizontal motion in the field, so that the positions of the 

nuclei, capillaries and even the endosomes (punctate red and yellow structures) are stable 

over the time series. Correction of the motion artifacts has also salvaged the utility of this 

data for quantifying glomerular permeability. The graphs on the right side of Figure 2 show 

the results of quantifying the mean fluorescence in a region located in the lumen of a 

glomerular capillary (filled circles), or in a region 4 pixels (1.6 microns) away in the 

Bowman's space (open circles). Quantitations of the original data (Fig. 2D) vary wildly over 

time, reflecting the motion of the capillary wall across both regions over the time series. 

These variations are much reduced after image registration (Fig. 2E), providing more 

reliable measures of local glomerular permeability. Residual variation in the graph of the 

registered data (also seen in Video S2 and Fig. 2C) is likely to reflect axial motion of the 

tissue, whose effects cannot be corrected using post-collection approaches.

In the example shown in Figure 2, the tissue was grossly immobilized, leaving only minor 

distortions in the field resulting from respiration and perhaps heartbeat. However, in some 

cases, animal motion can actually shift the entire field of view—an example of which is 

shown in Figure 3, which shows the results of a study in which images were collected from 

a living rat injected with Hoechst 33342, 500000 MW TexasRed-dextran and 3000 MW 

fluorescein dextran. In this study, the tissue slowly translated upwards and then later rapidly 

Dunn et al. Page 4

Intravital. Author manuscript; available in PMC 2015 June 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



downwards over the course of the image series (left panel of Video S3). This translation is 

also apparent in the YT and XT sections shown in Figure 3B and C, respectively, and in the 

XYT volume rendering shown in Panel D. Interestingly, the rigid registration process was 

capable of correcting for the slow translation, but only partially successful at correcting for 

the second, more rapid translation (middle images of Fig. 3B and C; middle panel of Video 

S2). However, this translation, as well as the nonlinear warping of the field, was eliminated 

in the second stage of the registration process, where the non-rigid algorithm is applied 

(bottom of Fig. 3B and C, Fig. 3D, right panel of Video S2).

This particular study was conducted to evaluate microvascular permeability, as measured by 

the relative leakage of large and small molecular-weight dextrans from the intertubular 

capillaries into the surrounding interstitium. The original data were essentially useless for 

this purpose; the field translations precluded following fluorescence changes in any 

particular region. However, the vascular leakage of the small molecular-weight green 

dextran is easily discernible in the registered image series, appearing outside capillaries 

almost immediately upon per-fusion, well before it appears in the filtrate in tubular lumens 

(appearing as green borders to the yellow capillaries in the XT and YT images). Quantitative 

analysis of the registered image series was easily accomplished, demonstrating that the 

intertubular capillaries were minimally permeable to the 500000 MW dextran (Fig. 3E), but 

highly permeable to the 3000 MW dextran (Fig. 3F)

As mentioned above, the image registration strategy is based upon the idea that sequential 

frames of a time series will be very similar to one another in the absence of motion artifacts. 

For the data shown in Figures 1 and 2, this condition clearly applies—the distribution of 

fluorescence over nuclei and endosomes, and the overall outlines of the vasculature should 

be essentially identical in sequential frames. Real changes in the distribution of the 

fluorescence in the vasculature due to blood flow occur at a rate high enough to appear 

random, thus having little to no effect on the control grid. Similarly, in studies of white cell 

migration in the liver, we find that the software is capable of correcting for motion artifacts 

without distraction from the small population of motile cells migrating around an otherwise 

rigid field. However, in many cases, an investigator will need to characterize a time series 

over the course of a large perturbation. The data shown in Figure 3, which features a sudden 

infusion of green and red dextran in the microvasculature, with the green dextran 

subsequently appearing in the interstitium and later in the tubular lumens is one such 

example. For this image series, the registration software was clearly able to distinguish and 

correct motion-induced perturbations in the distribution of fluorescence without responding 

to the real changes occurring in the field. However, the data shown in Figure 4 apparently 

presented a greater challenge to the software.

For the study shown in Figure 4, a series of images of a small region of the rat kidney, a 

cross-section of the glomerular capsule, was collected at the rate of four frames per second 

in order to capture the dynamics of filtration of 3000 MW TexasRed dextran. Prior to 

collection of this time series, the rat had been injected with 500 000 MW fluorescein dextran 

(which is not filtered, thus labeling the lumen of capillaries), an earlier dose of 3000 MW 

TexasRed dextran (which, having been previously filtered, labeled endosomes of the 

proximal tubule and the lumen of distal tubules) and the nuclear label Hoechst 33342 (Fig. 
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4A). Within five seconds of injection into the tail vein, the bolus of 3000 MW TexasRed 

dextran arrived at the glomerulus, where it was rapidly filtered into the Bowman's capsule, 

from which it cleared into the renal tubule (Fig. 4B and C). The collected time series (shown 

in the top panel of Video S4) shows motion artifacts that, while relatively modest, prevent 

characterization of the kinetics of dextran filtration, which is measured by the rate of 

appearance of the dextran in the Bowman's space immediately adjacent to a capillary.

Interestingly, our initial attempts to correct this motion artifact were only partially 

successful. While the registration clearly removed the wobbling motion of the original 

series, it introduced a new motion—a contraction of the Bowman's capsule (compare first 

and second row in Video S4, and XT and YT sections in Fig. 4D and E). This artifact 

appears to be based upon the dramatic change in the overall image that occurs when the 

bolus of red dextran arrives at the glomerulus. The registration software operates on 

grayscale images, but provides the capability to perform registration and correction of color 

images using either one of the color channels or a composite channel based upon the scaled 

combination of the color channels. The “scaled gray” channel, which contains the most 

information and typically gives the best results, was used in this first attempt. A similar, and 

perhaps worse, distortion of the Bowman's capsule was obtained when we repeated the 

correction using the red channel alone (third row of Video S4; Fig. 4F). However, when we 

eliminated the contribution of the red channel by basing the correction on images from the 

green channel, the contraction of the Bowman's space was eliminated (bottom row in Video 

S4; Fig. 4G). Unlike the example shown in Figure 3, the registration software required the 

removal of the red channel information from the data set in order to distinguish motion-

induced perturbations from the actual changes occurring in the field.

Digital correction of the motion artifact in this image series made it possible to accurately 

measure the kinetics of filtration of the red dextran. Figure 4H shows graphs of the levels of 

red and green fluorescence in the capillaries (closed circles) and in the Bowman's space 

(open circles). This graph demonstrates that the red dextran is immediately filtered into the 

Bowman's space, whereas the green dextran is retained in the vasculature. This conclusion 

would be difficult to draw from a similar analysis of the original data (Fig. 4I).

The problem of axial motion in time series data

In nearly all of the examples shown above, a residual motion artifact is apparent even after 

registration. Manifest as a rapid blinking of particular structures, this artifact reflects axial 

motion of the tissue, so that certain structures appear and disappear over the course of the 

time series. The effects of axial motion are masked somewhat by the fact that axial 

resolution is approximately 3-fold worse than lateral resolution in optical microscopy. 

Nonetheless, this kind of motion presents a serious challenge for studies involving time 

series measurements of small structures and cannot be corrected using post-collection 

approaches. An example is shown in Video S5 (left panel), which shows a time series of 

images collected from the liver of a living rat, following intravenous injection of sodium 

fluorescein, an organic anion that is rapidly transported from the blood into the bile by 

hepatocytes. The narrow diameter of the bile canaliculi is such that axial motions as small as 

a micron can result in the rapid appearance and disappearance of canaliculi in sequential 
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images collected from a single plane. Thus, even modest amounts of motion confound our 

ability to quantify canalicular secretion of fluorescein, the objective of this particular study.

In order to address this problem, we developed an approach in which we collect short image 

stacks (typically encompassing six microns of depth) at each time point, and then generate a 

time series of the maximum projection of each volume. While this approach reduces the 

temporal resolution of the study, it ensures that canaliculi located near the center of the 

vertical stack are continuously captured through the time series (see right panel of Video 

S5). In addition to improving the continuity of the time series images of canaliculi, this 

approach also increases the number of canaliculi collected at each time point (compare Fig. 

5A and B). The effect of this procedure on quantitation is shown in Figures 5C and D, which 

show the mean fluorescence quantified in regions of interest located over four canaliculi, as 

measured either from a series of single images (Fig. 5C) or from a series of volume 

projections (Fig. 5D). Whereas the variation of fluorescence measurements obtained from a 

single plane is such that it would be essentially impossible to quantify the rate of canalicular 

secretion, the rates are easily obtained from an analysis of the volume projections, which 

additionally demonstrate impressive reproducibility between cells.

Use of IMART for correcting motion artifacts in three-dimensional intravital microscopy 
data

The optical sectioning ability of confocal and multiphoton microscopy provides the 

capability for three-dimensional volumetric imaging of living animals. However, sample 

motion occurring during collection of the sequential focal planes of the volume can result in 

a distorted volume that may be difficult to interpret. We have found that when image 

volumes are collected in such a way that sequential focal planes overlap with one another 

and share some structural information, this overlap can be used to identify and correct 

motion artifacts. The working principle for correcting motion artifacts in images collected 

from sequential planes is thus similar to that for correcting motion artifacts in images 

collected in time series—the goal of the algorithm is to reduce the dissimilarity between 

sequential images.

An example of tissue motion occurring during collection of a 3D volume of the kidney of a 

living rat is shown in Figure 6 and Video S6A. A slow shift in the tissue results in a 

progressive vertical translation of the volume (left panel in Video S6A). Since the major 

component of the motion is a simple translation, rigid registration removes most of the 

motion artifact (middle panel in Video S6A). Subsequent non-rigid registration removes 

residual nonlinear warping in the field (right panel in Video S6A). The net effect of image 

registration is improvement in the quality of the resulting 3D image volume such that the 

structure of the glomerular capillaries, obscured in a projection of the original data (Fig. 6A) 

is much clearer after registration (Fig. 6B). The improvement is also demonstrated in the 

volume renderings of the original and registered volumes (left and right panels, respectively, 

in Video S6B).

Demonstration of the digital correction of nonlinear motion artifacts in a three-dimensional 

volume is shown in Figure 7. Figure 7A shows a single image from a three-dimensional 

image volume collected from the kidney of a living rat following injection of 110000 MW 
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fluorescein dextran. The characteristic rippling effect of a high-frequency motion in the 

tissue is apparent when the sequential images are viewed in sequence (left panel of Video 

S7). However, this subtle motion artifact is essentially eliminated by non-rigid registration 

(right panel of Video S7). The effect of image registration on resolution is more clearly 

demonstrated in Figure 7B, which shows XZ sections of volumes constructed from the 

original data (top), following rigid registration (middle), and following non-rigid registration 

(bottom). Individual lysosomes (small, punctate yellow structures) that are indistinct in the 

original volume are clearly defined after non-rigid registration.

Obtaining and using IMART

The IMART registration software is derived from an earlier version of the software 

described in33 and demonstrated in.22 Directions for obtaining a complete version of the 

software and a user's guide may be found at http://www.medicine.iupui.edu/icbm/software/. 

As of the time of writing, IMART is available only for the Windows operating system. 

Written using the MATLAB programming environment, IMART uses MATLAB libraries 

and thus requires either prior installation of MATLAB or installation of the MATLAB 

Compiler Runtime (also provided as part of the download). Although there are no specific 

hardware requirements, it is recommended that systems be equipped with at least 8 GB of 

memory.

IMART is highly flexible, providing the user with the ability to specify registration 

parameters, including optimization method, image similarity metric, image interpolation 

method, grid spacing, smoothness penalty coefficient, and optimization step size. By default, 

the program first conducts a rigid registration, which is then followed by non-rigid 

registration of the results of the rigid registration. Since the algorithm used to correct linear 

translation is much less computationally intensive than the algorithm required to correct for 

non-rigid distortions, we provide the user with the option of conducting only rigid 

registration, which provides faster output for data sets with simple translational shifts.

For multi-channel data, the program allows the user to specify whether registration is to be 

conducted on one particular channel, or upon a “scaled gray” combination of all channels. 

The user is also able to specify whether registration is based upon a “moving” reference 

frame, in which each frame is registered to the previous frame in the series, or upon 

registration to a single reference frame. Guidance for program settings and the effects of 

different registration parameters is provided in the user's guide.

Discussion

Intravital microscopy is a powerful technique that provides biomedical researchers with a 

unique window into physiology and cell biology in the most relevant biological context—

within the intact, living animal. However, intravital microscopy is far from routine, 

requiring the development of specialized techniques that ensure the health of the animal, 

while still providing access to the tissue of interest. For visceral organs, an additional 

challenge is that the tissue must function normally, but also be immobilized to sub-micron 

precision. A variety of devices have been developed to immobilize and present various 

structures and organs for intravital microscopy. However, these devices are not fool-proof, 

Dunn et al. Page 8

Intravital. Author manuscript; available in PMC 2015 June 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.medicine.iupui.edu/icbm/software/


so that residual motion artifacts that complicate or prevent analysis are frequently 

encountered. These experimental failures are intolerable; in addition to sacrificing a 

laboratory animal for no purpose, they result in the loss of data from crucial time points, 

confounding the careful design of studies. Here we present a software solution to correct for 

the effects of residual motion artifacts, providing a tool that can effectively improve and 

even salvage intravital microscopy data.

A variety of software solutions have been developed to address the problem of motion 

artifacts in microscopy, but few address the unique and complex motion artifacts 

encountered in intravital microscopy. To the degree that the effects of motion result in the 

distortion of a small number of images collected in time series, one solution is to simply 

eliminate the distorted frames from the time series. This approach has been incorporated into 

the “Intravital_Microscopy_Toolbox” plugin for ImageJ.30 Existing approaches to correct 

distorted images are based upon the general strategy of minimizing differences between a 

target frame and a reference frame. For time series that feature structures that can be 

effectively segmented, an effective approach has been developed based upon registration of 

skeletonized shapes derived from the structure.34 A more common approach is to minimize 

differences in pixel intensity between the target image and a template reference image.35,36

All of these techniques are based upon a correction scheme in which a target frame is 

compared with a single reference frame that is selected from the time series,34 obtained 

under conditions that lack motion artifacts,35 or derived from the entire time series.36 While 

generally effective, this approach is poorly suited to image sequences that feature wholesale 

changes in the field. For studies such as those shown in Figures 3–5, dramatic changes in the 

field make it impossible to register the time series to a single reference frame. IMART's 

successful correction of the motion artifacts in these examples is based upon a correction 

scheme in which each target frame is compared with the preceding frame in the sequence. 

This approach makes IMART capable of correcting for the effects of motion on images 

collected in time series, but also on images collected from sequential focal planes to 

construct three-dimensional image volumes. In principle, this implies that IMART could be 

extended to correct motion artifacts in four-dimensional data, that is, three-dimensional 

image data collected over time. However, correction of both lateral and axial motion 

artifacts in these kinds of studies is significantly more complex, and is complicated by the 

fact that the temporal relationship between sequential planes of a three-dimensional volume 

(collected within a second of each another) is completely different than that between 

sequential images of a particular focal plane (whose collection may be separated by several 

seconds). We are currently exploring methods to address these additional complexities, and 

plan to incorporate the capability to correct motion artifacts in four-dimensional data in an 

upcoming version of IMART.

Methods

Intravital microscopy

All animal studies were conducted in compliance with the Institutional Animal Care and Use 

Committee guidelines of Indiana University. The methods used for intravital microscopy of 

the kidney are as described in12 and the methods of intravital microscopy of the liver are as 
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described in.15 Imaging was conducted using either Olympus Fluoview 1000 (Olympus, 

Inc.) or BioRad MRC1024 (Carl Zeiss, Inc.) confocal/multiphoton microscope systems at 

the Indiana Center for Biological Microscopy.

IMART development

The non-rigid registration methods employed by IMART are derived from a method 

described in.37 This method focused on the pairwise non-rigid registration of two magnetic 

resonance images. This was accomplished through the use of B-splines, or basis splines. The 

registration of a point in an image when using B-splines is only determined by the area 

immediately surrounding the nearest control points, resulting in very localized deformations. 

We have extended this method to address the specific challenges associated with intravital 

microscopy, including the registration of not only of a pair of images but of a series of many 

images (both in time series and in three dimensions), appropriate selection of a reference 

image, appropriate selection of similarity metrics, and the incorporation of pixel intensity 

data presented in multi-channel image sets. The use of B-splines for non-rigid registration 

allows for easy visualization of the deformation, and also gives way to a method for 

evaluating motion artifact reduction—despite the lack of ground-truth data—using tools 

borrowed from the image and video compression community.38

Image analysis and presentation

Quantitative image analysis was conducted using Metamorph image processing software 

(Molecular Devices). Quantitative analysis was conducted on raw image data, but images 

presented in figures were contrast-enhanced (adjusting intensity minimum, maximum, and 

gamma). In some cases, images were smoothed using a Gaussian filter. In color images, the 

visibility of Hoechst-labeled nuclei was enhanced by selectively adjusting the hue, 

saturation and lightness of the blue channel. In all cases, images to be compared were 

processed identically and in such a way that the processing preserved the visibility of both 

the dim and bright structures of the original image. Images were processed, assembled into 

figures and annotated using Adobe Photoshop (Adobe). Graphics were produced and 

summary statistics obtained using Kaleidagraph (Synergy Software).

Volume rendering and video production

Volume rendering was conducted using Voxx software,39 and videos produced using either 

Voxx or Metamorph, and compressed using TMPGEnc 2.5 (Pegasys, Inc.).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Intravital microscopy of the rat kidney mounted in a kidney cup. (A) First of 120 images 

collected from the kidney of a living rat, following intravenous injection of hoechst 33342 

(labels nuclei blue), 3000 MW texasred dextran (red, internalized into endosomes of 

proximal tubule cells) and 500 000 MW fluorescein dextran (green, in intertubular 

capillaries). (B) XYt volume rendering of the time series, with sequential images arrayed 

vertically in the volume. Image volume is 200 microns across. the time series and volume 

rendering are presented in Video S1.
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Figure 2. 
Digital correction of motion artifacts in a time series of images collected from the kidney of 

a living rat. (A) First of 45 images collected from the kidney of a living rat, following 

intravenous injection of hoechst 33342 (labels nuclei blue) and texasred-labeled albumin. 

(B) Xt projection of the region identified by the horizontal line in Panel A, in which 

sequential linescans are arrayed vertically. (C) Xt projection of the same region shown in B, 

but after digital correction of the time series. image field is 160 microns across. the time 

series of the original and corrected image are presented in Video S2. (D and E) 

Quantification of mean fluorescence in a ten-pixel region located in the lumen of a 

glomerular capillary (closed circles), or in a region located 4 pixels (1.6 microns) away in 

the adjacent Bowman's space (open circles) before (D) or after (E), digital correction. 

dashed line—background signal level.
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Figure 3. 
Digital correction of rigid and non-rigid motion artifacts in a time series of images collected 

from the kidney of a living rat. (A) First of 68 images collected from the kidney of a living 

rat, following intravenous injection of hoechst 33342, 500 000 MW texasred-dextran and 

3000 MW fluorescein dextran. (B) Yt projection of the region identified by the vertical line 

in Panel A, before and after rigid and non-rigid registration. (C) Xt projection of the region 

identified by the horizontal line in Panel A, before and after rigid and non-rigid registration. 

(D) Volume rendering of XYt volume before and after non-rigid registration. image field is 

195 microns across. The time series of the original and corrected image are presented in 

Video S3. (E) Graphs of mean intensity (± SE) of the 500 000 MW red dextran in 5 regions 

of the interstitium (open circles) or 5 regions in the lumen of adjacent capillaries (closed 

circles). (F) Graphs of mean intensity (± se) of the 3000 MW green dextran in 5 regions of 

the interstitium (open circles) or 5 regions in the lumen of adjacent capillaries (closed 

circles).
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Figure 4. 
Use of different color channels for digital correction of motion artifacts in a time series of 

images collected from the kidney of a living rat. (A) First of 68 images collected from the 

kidney of a living rat, following intravenous injection of 500,000 MW fluorescein dextran, 

3000 MW TexasRed dextran and Hoechst 33342. (B and C) 51st and 68th frame after 

injection of a second injection of 3000 MW TexasRed dextran. (D–G) XT and YT sections 

from regions identified with white lines in Panel C. (D) Original data. (E) After registration 

based upon scaled gray channel. (F) After registration based upon green channel. (G) After 

registration based upon red channel. Image fields are 160 microns wide. (H and I) 

Quantification of the green and red signals in a region in the capillary (closed circles) or in a 

region 4 pixels (1.6 microns) away, in the Bowman's space (open circles). (H) After 

registration based upon the green channel. (I) original data.
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Figure 5. 
Accommodating axial motion by collection of image stacks. (A) A single multi-photon 

fluorescence microscopy image collected from the liver of a living rat five minutes after 

intravenous injection of sodium fluorescein. (B) A maximum-intensity projection of a six-

plane image volume collected at the same time point as that shown in Panel A. image field is 

383 microns across. (C) Graph of the mean fluorescence quantified in regions of interest (10 

pixel lines) located over 4 canaliculi, measured in a series of images collected from a single 

focal plane. (D) As in Panel C, but measured from a series of maximum-intensity projection 

images of volumes collected over time. lateral motion of this time series was minimal and 

thus did not require IMART correction.
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Figure 6. 
Correction of motion artifacts in three-dimensional image volumes. (A) XY maximum 

projection of a series of 50 images collected 0.6 microns apart from the kidney of a living rat 

following intravenous injection of Hoechst 33342 and 500 000 MW TexasRed-dextran. 

Right—single XZ section of the same volume. (B) As in Panel A, but following rigid and 

non-rigid registration. Image field is 212 microns across.
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Figure 7. 
Correction of nonlinear motion artifacts in three-dimensional image volumes. (A) single 

image from a three-dimensional image volume collected from the kidney of a living rat after 

intravenous injection of 110 000 MW fluorescein dextran. (B) XZ sections of volumes 

reconstructed from original data (top), following rigid registration (middle) and following 

non-rigid registration (bottom). Field is 197 microns across.
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