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Abstract

Purpose—The purpose of this study was to determine whether susceptibility tensor imaging 

(STI) could overcome limitations of current techniques to detect tubules throughout the kidney.

Methods—Normal mouse kidneys (n=4) were imaged at 9.4T using a 3D gradient multiecho 

sequence (55-micron isotropic resolution). Phase images from 12 orientations were obtained to 

compute the susceptibility tensor. Diffusion tensor imaging (DTI) with 12 encoding directions was 

compared with STI. Tractography was performed to visualize and track the course of tubules with 

DTI and STI. Confocal microscopy was used to identify which tubular segments of the nephron 

were detected by DTI and STI.

Results—Diffusion anisotropy was limited to the inner medulla of the kidney. DTI did not find a 

significant number of coherent tubular tracks in the outer medulla or cortex. With STI, we found 

strong susceptibility anisotropy and many tracks in the inner and outer medulla, and in limited 

areas of the cortex.

Conclusion—STI was able to track tubules throughout the kidney, while DTI was limited to the 

inner medulla. STI provides a novel contrast mechanism related to local tubule microstructure and 

may offer a powerful method to study the nephron.
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Introduction

The major regulatory roles of the renal system, including filtration, homeostasis, and 

hormonal regulation, depend on the complex, three-dimensional structure of the nephron. 

The nephron consists of tubular segments including the proximal tubule, intermediate 

tubule, connecting tubule, and collecting duct, each with its own unique structure. The 

organization and arrangement of the segment structures are essential to the functions that 

relate to physiology. The tools available to assess these complex three-dimensional 

structures in the native tissue, however, are limited. The few tools available, including MRI 

and CT, have been used to study general renal morphology (1–6). One MR contrast 

mechanism, diffusion tensor imaging (DTI), has been used to assess the integrity and 

architecture of tubules in humans (7–12) and in animal models (13–16). In the present study, 

we applied DTI and found that it was only able to track tubules in the inner medulla (IM) of 

the mouse kidney. DTI did not find a significant number of coherent tubular tracks in the 

outer medulla (OM) or cortex (CO). The purpose of this study was to determine whether 

susceptibility tensor imaging (STI) (17,18) could overcome limitations of current techniques 

to detect tubules throughout the kidney.

STI is a relatively new MR contrast mechanism based on magnetic susceptibility, which can 

provide unique structural contrast and detect magnetically anisotropic microstructures (19–

22). In the brain, STI shows strong anisotropy in the fiber bundles, which is most likely due 

to the aligned lipid chains in the myelin sheath surrounding the white matter tracts (23–27). 

Similar to the neuron in the brain, the nephron in the kidney has a similar tubular structure 

and parallel organization throughout the organ system. We reasoned that STI would also 

exhibit strong anisotropy in the nephron tubules.

We used a gradient multiecho (GRME) sequence to obtain STI datasets at shorter 

acquisition times and higher signal-to-noise ratios (SNRs) compared to a single-echo GRE 

sequence. These data allowed us to map quantitative susceptibility values and quantify 

anisotropy of tubules in local renal regions. Apparent magnetic susceptibility (AMS) was 

plotted as a function of tubule angle to characterize the orientation dependence of 

susceptibility contrast in the tubules. Tractography was performed to visualize and track the 

course of tubules; in contrast to DTI, STI was able to detect tracks in the renal CO and OM. 

We identified the tubular segments of the mouse nephron from confocal images of the same 

kidney used for MRI. Based on the architecture and organization of these structures, we 

determined which tubular segments were detected by DTI and STI. We report that STI 

exhibited strong anisotropy and was able to track tubules throughout the kidney. STI may 

offer a powerful method to study nephron structure and function that overcomes the 

limitations of DTI. The methods developed may have broad applications in studies of renal 

physiology, development, and disease.

Methods

Perfusion and fixation

All animal studies were performed at the Duke Center for In Vivo Microscopy and were 

approved by the Duke Institutional Animal Use and Care Committee. The protocols adhered 
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to the NIH Guide for the Care and Use of Laboratory Animals. All mice used in this study 

were C57BL/6 wild type (n=4, 3.5 months old).

Animals were provided with free access to water before organ harvest. Mice were 

anesthetized with isoflurane, a midline abdominal incision was made, and a catheter was 

inserted into the heart. Transcardial perfusion fixation was used with inflow to the left 

ventricle and outflow from the right atrium. The animals were perfused with saline and 0.1% 

heparin followed by 10% formalin. Both saline and formalin were perfused at 8 ml/min for 5 

minutes using a perfusion pump. The renal artery, vein, and ureter were ligated and the 

kidney was excised from the animal. Kidneys were immersed in 10% formalin overnight 

and then immersed in 10mM phosphate buffered saline the next day.

The right kidney from each animal was used for imaging (n=4). Kidneys were first fixed 

without contrast agent and scanned to acquire STI and DTI (48 hours after perfusion). After 

this imaging session, the kidney was actively stained by immersion in a saline solution of 

2.5mM ProHance (Gadoteridol, Bracco Diagnostics Inc., Princeton, NJ) to decrease the T1 

and improve SNR (28). This kidney was then scanned to acquire a contrast-enhanced set of 

STI and DTI images.

Magnetic resonance imaging (MRI)

Images were acquired on a 9.4T system (400 MHz vertical bore Oxford superconducting 

magnet) dedicated to magnetic resonance histology, i.e., MRI of tissues at microscopic 

resolution (29). The system consists of an 89-mm vertical bore magnet controlled by a GE 

Signa console (Epic 12M5, GE Medical Systems, Milwaukee, WI). Table 1 lists details of 

the MR imaging protocols. STI was acquired using a 3D GRME pulse sequence. DTI was 

acquired using a 3D diffusion-weighted spin echo sequence (30). One image was acquired 

without diffusion weighting and 12 with diffusion weighting at a b-value of 1500 s/mm2. 

Twelve gradient directions were used for DTI and 12 specimen orientations were used for 

STI. All STI datasets, as well as contrast-enhanced DTI datasets, were acquired using a field 

of view of 14×14×14 mm3 and a matrix size of 256×256×256, resulting in isotropic 

resolution of 55×55×55 μm3. Due to the significantly longer T1, DTI without contrast was 

acquired at a lower resolution to complete the scan in a reasonable amount of time (163 mm3 

field of view, 1103 matrix, 1453 μm3 resolution). DTI datasets were acquired with a 

diffusion time (i.e., separation between diffusion gradients) of 17 ms (without contrast 

agent) and 5.7 ms (with contrast agent), while b-value was maintained at 1500 s/mm2. The 

larger voxel size and longer T2 relaxation time without contrast agent allowed the choice of 

longer diffusion time to probe larger tubules. The TR for kidneys without contrast agent was 

also longer due to their longer T1 relaxation times (~ 1 s).

For MRI acquisitions, the kidney was firmly secured in an acrylic specimen cartridge and 

immersed in Fomblin (Ausimont USA, Inc., Thorofare, NJ) to limit susceptibility artifacts at 

the tissue boundary. The cartridge was placed inside a sphere, allowing for an arbitrary 

specimen orientation inside the coil. The tube and coil holder supported a silver solenoid RF 

resonator (21-mm diameter, 21-mm length). This coil was designed for STI studies at 9.4 T 

(Supplemental Fig. 1 in Supplemental Material). A smaller RF resonator (14-mm diameter, 
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21-mm length) was used for DTI studies, where physical reorientation in a sphere was not 

necessary.

Multiple echo acquisition

The GRME sequence was used to enhance phase and susceptibility SNR (31). The SNR of a 

summed multiecho dataset is much higher compared to an optimized single echo dataset for 

identical sequence parameters (except for TEs). A single echo SNR is optimized when TE 

equals to T2
* (see derivation in Supplemental Material). Considering the 16 echoes and 

measured T2
* values for the non-contrast enhanced kidney, we found a theoretical SNR gain 

of 3.01 for a cortical region and 3.32 for a medullary region (Table 2). Using 6 echoes for 

the contrast-enhanced kidney, we found a theoretical SNR gain of 2.09 for a cortical region 

and 2.04 for a medullary region (Table 2). These theoretical SNR gains were comparable to 

experimentally measured gains.

Raw k-space data from the GRME acquisitions were used to reconstruct phase images. 

Phase images from all echoes were averaged to produce the SNR-enhanced phase image. 

The phase images of all orientations were used to compute susceptibility tensor (details in 

next section). In addition, the phase image at each orientation was unwrapped and filtered. 

The filtered phase was then used to solve an inverse problem to calculate a scalar 

susceptibility image (20), also known as apparent magnetic susceptibility (AMS). This 

susceptibility image was normalized by the magnetic field strength and represented in ppm 

of B0. In the kidney, phase was assumed to be linearly dependent with TE. TE-dependent 

susceptibility may indicate non-linear phase due to heterogeneous or compartmentalized 

tissue microstructure (32). Example magnitude and susceptibility images from the multiecho 

dataset are shown in Fig. 1 (without contrast). The enhanced magnitude image was produced 

using the multiecho Fourier domain image contrast (33), shown in Fig. 1B. T2
* values were 

computed from the magnitude signal decay curves (Fig. 1C).

Magnetic susceptibility tensor

The SNR-enhanced phase images at different orientations were registered using rigid body 

transformation (FMRIB Software Library, http://www.fmrib.ox.ac.uk/fsl) to a common 

frame of reference (DTI image space). The transformation matrix from registration is used 

to determine the magnetic field vector in the new image space. Image phase was first 

unwrapped using a Laplacian-based phase unwrapping algorithm (20,34). Background phase 

(θ) was removed using a sphere mean value filtering with an initial kernel width of 30 

voxels and the kernel width decreasing towards the tissue boundary (35,36). The final phase 

image (θ) from all echoes was then used for tensor calculation (17,37):

[1]

where the superscript T represents the transpose operation, B̂0 is the unit vector of the 

applied magnetic field, FT is the Fourier transform, FT−1 is the inverse Fourier transform, k 
is the spatial frequency vector, χ is the second-order (rank 2) susceptibility tensor, γ is the 

gyromagnetic ratio for water proton, B0 is the magnitude of the applied magnetic field, and t 
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is the echo time. In our case, each image was already normalized by the echo time before 

averaging all echoes. There are 6 independent elements for a symmetric rank-2 susceptibility 

tensor, i.e., χ11, χ12, χ13, χ22, χ23, and χ33 from the 9-element tensor matrix. With multiple 

measurements of θ at different orientations, susceptibility tensor χ can be solved using a 

system of linear equations (see Supplemental Material).

Eigenvalue decomposition was performed on the tensor to define the three principal 

susceptibility values with corresponding eigenvectors. The major eigenvector points in the 

direction with the most positive (paramagnetic) susceptibility and the minor eigenvector 

points in the direction with the most negative (diamagnetic) susceptibility. The three 

eigenvalues were summed to produce the susceptibility trace image.

To determine the relationship between eigenvectors of susceptibility tensors and the 

underlying tubular orientation, the AMS image was determined for each orientation of the 

specimen by assuming susceptibility as a scalar in Eq. 1. The relationship between AMS and 

orientation of a tubular structure is expected to follow (18,26):

[2]

where Δχ is the apparent magnetic susceptibility, Δχmax is the maximum susceptibility 

difference, tubule angle (α) is the angle between DTI major eigenvector and magnetic field 

vector, and Δχ0 is the baseline isotropic susceptibility difference. It is assumed that the 

major eigenvector of the diffusion tensor follows the tubular axis in the IM. Tubule angle 

was computed for each voxel in the IM and grouped into 18 bins. Each bin has a width of 5° 

(0–5°, 5–10°, …, 85–90°). The AMS dependence on tubule angle was fitted using a least-

squares regression.

DTI and STI tractography and quantification

Diffusion fractional anisotropy (FA) was computed following (38). Susceptibility anisotropy 

(SA) was computed following (18):

[3]

Both FA and SA are in the range of 0 to 1, where 0 is isotropic and 1 is highly anisotropic. 

DTI and STI tractography were performed using existing algorithms developed for DTI 

(39). For STI, the vector fields were defined by the minor eigenvector. Both DTI and STI 

vector fields propagated based on anisotropy measures (FA and SA) between 0.15 and 0.9 

and an angle threshold of 60° between neighboring voxels. Tracking was completed in 

Diffusion Toolkit and TrackVis (http://www.trackvis.org, Martinos Center for Biomedical 

Imaging, Massachusetts General Hospital). Tracks shorter than 0.38 mm (~7 pixels) were 

filtered out.

The IM, OM, and CO were segmented to perform measurements in each renal region. Major 

cortical vessels and medullary vascular bundles were segmented using region growing and 

thresholding (40) and were then removed to obtain measurements of anisotropy and track 
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statistics of non-vascular origin (segmentation results shown in Supplemental Fig. 2 of 

Supplemental Material). Metrics determined from the DTI and STI datasets include 

anisotropy (FA and SA), number of tracks, and track lengths.

Individual kidney images were registered to one common image space in FSL using 

correlation ratio. Quantitative measurements were conducted for all kidney datasets. 

Tracking and visualization were derived from the population average of 4 kidneys for each 

of the following tensor datasets: STI without contrast, DTI without contrast, STI with 

contrast, and DTI with contrast.

Validation by optical and confocal microscopy

After all MR images were collected, one representative kidney was imaged with 2-photon 

confocal microscopy and conventional histology. First, the kidney was sectioned near the 

center coronal plane, cleared using 4M urea (41), and scanned using autofluorescence on a 

LSM 510 Meta confocal microscope (Carl Zeiss Microscopy, LCC, Thornwood, NY). The 

laser excitation was two photons at 1000 nm. Emission was detected at 500–550 nm (green 

channel) and 575–640 nm (magenta channel). Images were acquired at 1.6-μm resolution, at 

20-μm depth, and with 14 slices covering 280 μm of tissue using a 20x objective (Zeiss W 

Plan-Apochromat, NA 1.0). The intact half-sections were then immersed back into 1X 

(10mM) PBS, embedded in paraffin, and serially sectioned at 5-μm thickness. Sections were 

stained with Hematoxylin and Eosin (H&E) and Masson’s Trichrome. These slides were 

scanned using bright field contrast on an Axioskop 2 FS microscope (Carl Zeiss 

Microscopy, LCC, Thornwood, NY). Images were acquired at 0.65-μm resolution using a 

10x objective. Both confocal and optical imaging required tiling to cover the entire kidney. 

Correction was applied to remove the shading effects and non-uniformities in the tiled 

images. MR images were manually registered to confocal and optical images to enable 

comparison.

Results

Apparent magnetic susceptibility (AMS) depends on tubule orientation

Fig. 2 plots AMS in the IM as a function of tubular orientation. AMS was more diamagnetic 

when tubules were aligned with the magnetic field (0°) and was more paramagnetic when 

tubules were aligned orthogonal to the magnetic field (90°). Specifically, the AMS displayed 

a monotonic increase with respect to tubule angle. This trend was observed in the kidney 

without contrast agent (Fig. 2A–B) and with contrast agent (Fig. 2C–D). These findings 

suggest that there is a diamagnetic content in the tubule that points along the long axis and 

also confirm that the STI eigenvector pointing along the tubule axis is the minor eigenvector 

(most diamagnetic).

Comparison between STI and DTI

Fig. 3 shows the 6 elements of the diffusion and susceptibility tensor and includes 

anisotropy maps (FA and SA). Datasets both with and without contrast agent are shown. The 

changing diffusion contrast is visible in the IM—indicated by arrows in Fig. 3A and 3E. The 

alternation of contrast across the susceptibility tensor elements is most noticeable in the IM 
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and OM—indicated by arrows in Fig. 3C and 3G. The changing susceptibility contrast is 

also apparent in the off-diagonal elements, which indicates susceptibility anisotropy.

Angles between DTI major eigenvector and STI minor eigenvector were in the range of 10° 

to 30° in the IM (Supplemental Fig. 3 in Supplemental Material). The angles were much 

larger in OM and CO—sometimes as large as 90°. This is due to the fact that DTI has poor 

anisotropy beyond the IM and its major eigenvectors may be more randomly oriented while 

the minor eigenvectors from STI are still pointing along the tubules. STI results were 

confirmed by traditional microscopy, which show tubules are generally in the radial 

direction from CO to IM (see next section).

Fig. 4 compares the population-averaged medullary tracks reconstructed by DTI and STI 

(with contrast). The tractography color scheme is red for anteroposterior (AP), green for 

dorsoventral (DV), and blue for mediolateral (ML), which is based on the anatomical 

directions of the mouse. White arrows point to tracks fanning out in the AP direction and 

black arrows point to tracks aligned in the ML direction. One yellow arrow points to a few 

STI tracks pointing towards the DV direction (Fig. 4C). Both DTI and STI tracks point 

toward the tip of the papilla in the IM. We included a large range of FA values (0.15 to 0.9) 

and angles (0° to 60°) and observed that DTI tracks were mostly limited to the IM. There 

were only a few DTI tracks reconstructed in the OM. In comparison, STI tractography 

detected tubules in both the IM and OM (Fig. 4C–D). Tensor glyphs are also shown in the 

medullary regions for DTI (Fig. 4B) and STI (Fig. 4D). Tracks of individual kidney datasets 

are shown in Supplemental Fig. 4 (Supplemental Material).

Fig. 5 shows the population-averaged cortical and medullary tracks reconstructed by STI 

(without contrast). Cortical tracks of the entire kidney are shown in a coronal view (Fig. 5A) 

and a sagittal view (Fig. 5B). Rendering of the OM surface is provided as an anatomical 

landmark. Medullary tracks are shown in a sagittal view (Fig. 5C) and an axial view (Fig. 

5D). Coherent straight tracks in the CO were found in the medial part as well as throughout 

the kidney (Fig. 5A–B). Very few coherent tracks were reconstructed in the CO by DTI.

Table 3 summarizes measurements in the renal regions (IM, OM, and CO) from DTI and 

STI. Measurements from both non-contrast enhanced and contrast-enhanced datasets are 

included. Metrics include anisotropy (FA and SA), number of tracks, and track lengths. The 

IM exhibited strong susceptibility and diffusion anisotropy. The OM exhibited susceptibility 

anisotropy but weaker diffusion anisotropy (FA<0.2). The CO, on the other hand, exhibited 

generally weak SA and FA. STI without contrast had a SA>0.2 in the CO. This result 

confirms the tracks found in Fig. 5. Track number and length were generally greater in STI 

datasets for all renal regions. Non-contrast enhanced DTI had the fewest number of tracks 

because of the lower image resolution. All STI metrics (SA, number of tracks, and track 

lengths) were generally greater in the non-contrast enhanced dataset than in the contrast-

enhanced dataset.

Validation by optical and confocal microscopy

Fig. 6 shows the CO, OM, and IM regions identified on optical imaging, confocal 

microscopy, and MRI. Within the OM, we were able to delineate the inner stripe and outer 
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stripe. The outer stripe was most noticeable in the susceptibility trace image (blue arrow in 

Fig. 6B) and was not noticeable in the magnitude image (Fig. 6D). Groups of vasa recta 

were also found in the vascular bundle regions of the inner stripe (black arrows in Fig. 6A–

B). The matching of these structures allowed us to confirm alignment of the images and to 

zoom in on the confocal image to examine the nephron structure corresponding to 

susceptibility and diffusion anisotropy. We found limited fibrosis in the Mason’s Trichrome 

histology image, which eliminates collagen as the potential source of susceptibility 

anisotropy (Fig. 6C). These images also confirmed the accuracy of our segmentation (renal 

regions, major cortical vessels, and medullary vascular bundles).

Tubular segments of the nephron were identified from the confocal images (Fig. 7). 

Standard nomenclature of renal structures is used (42). Scale bars were set at the MRI 

resolution of 55 μm. Two major nephron types are shown, including the long loop nephron 

(LLN) associated with the juxtamedullary glomerulus (Fig. 7A–C) and the short loop 

nephron (SLN) associated with the superficial glomerulus (Fig. 7D–F). The LLN and SLN 

segments were identified by following the nephrons to the transition point of thin to thick 

limbs and where the bends occurred. A representative diagram of the nephron is shown in 

the center of Fig. 7. Overall, the renal tubules are very tortuous and convoluted, which is 

consistent with previous findings of the mouse kidney (43,44). In the LLN and collecting 

ducts, there are numerous tortuous tubules, resulting in limited anisotropy from DTI and 

STI. There are straight segments of the LLN, including the thin limbs in the IM region (Fig. 

7A), which resulted in strong anisotropy in both DTI and STI. There are additional straight 

segments in the LLN, including the thick limbs in the outer stripe and inner stripe regions 

(Fig. 7A–B); here there was limited diffusion anisotropy and strong susceptibility 

anisotropy. Coherent structures within a voxel allowed tractography to perform well in DTI 

and STI.

Discussion

Diffusion anisotropy was mostly limited to the IM of the kidney. With STI, we found strong 

susceptibility anisotropy in the IM and OM, and in limited areas of the CO. This difference 

was explained by the nephron segments determined from confocal microscopy. One straight 

segment in the OM (thick limb of the LLN) was detected by STI and not by DTI, thus 

confirming that DTI and STI anisotropy relied on an entirely different contrast mechanism. 

Finally, the STI eigenvector pointing along the tubule axis was the minor eigenvector, 

suggesting that there is a consistent diamagnetic content in the direction of the tubule long 

axis.

Tensor imaging results explained by the renal tubule

DTI revealed limited anisotropy beyond the IM, while STI showed strong anisotropy in both 

the IM and OM. As supported by the microscopy results, this differential behavior between 

DTI and STI is likely due to the diverse microstructures within the IM and OM. These 

microstructural differences include the tortuosity and the size of the tubules. The mouse 

renal tubule is especially tortuous, more so than that of larger mammals (45–47). In regions 

with numerous tortuous nephron segments such as the OM and CO, water diffusion within a 
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voxel (55 μm) would appear isotropic. The other dependence is tubule size. DTI performs 

well in thin coherent structures where water diffusion is anisotropic. The performance is 

governed by the average molecular displacement of a Brownian particle in our experiments 

(48):

[4]

where  is the mean squared displacement, D is the water diffusion coefficient, and t is the 

time of diffusion or time between diffusion gradients used for DTI. Given a diffusion 

coefficient of 2.3×10−9 m2/s at 25 °C and a diffusion time of 5.7×10−3 s, the expected 

displacement is 5.2 μm (or 8.9 μm without contrast at 17×10−3 s diffusion time). In the IM, 

the thin limbs of the LLN have diameters of approximately 10 μm (49). DTI was able to 

detect most of these thin tubules with diameters on the lower range. In the OM, there are 

straight segments such as the LLN thick limbs. These segments have more variable 

diameters, but are usually thicker and larger than that of the thin limbs, and thus larger than 

the expected diffusion distance. The thin limbs have limited straight segments in the OM 

and they also have larger diameters up to 46.7 μm (49). As a result, water diffusion would 

appear to be isotropic and DTI was not successful in representing the anisotropic structure in 

the OM. In order to detect such large diameter structures, one would need a diffusion time 

greater than 470 ms, thus a TE significantly longer than the T2 of the kidney.

Susceptibility anisotropy, while also expected to be reduced by tortuosity, did not appear to 

be significantly affected by the size of the tubules. As a result, STI was able to detect the 

larger straight tubules in the OM. In fact, STI was able to detect these straight segments and 

many other straight structures throughout the kidney. Even the CO exhibited significant, 

though reduced, susceptibility anisotropy where the tubules were mostly tortuous and 

convoluted. STI reconstructed several tracks in the CO (Fig. 5 in Results). In this regard STI 

exceeded DTI because it is created by a different contrast mechanism based on 

microstructure and composition and not limited by anisotropic water diffusion.

Biophysical basis of renal STI: cellular components of renal transporting epithelia

There are a number of factors that may contribute to the observed susceptibility anisotropy. 

These contributing factors may originate from molecular, cellular, and tubular levels.

One potential source is the cellular components of the renal epithelia that compose the 

tubules. The ordered cellular structure formed by the lipid bilayer found on the plasma 

membrane and membranes of organelles including the mitochondria will introduce 

anisotropic susceptibility. Considering the essential features of renal transporting epithelia, 

there are numerous infoldings of the basement membrane on the basolateral side and an 

abundance of microvilli of the brush border on the luminal (apical) side. Infoldings and 

microvilli have been shown to be important for increasing surface areas for fluid absorption 

and transport and increasing the percentage of cellular lipids in several organs (50–53). The 

organization of these components are depicted and shown in EM images in Supplemental 

Fig. 5 (inspired by and adapted with permission from (46,54), see Supplemental Material). 

These infolding features increase the percentage of lipids pointing in the direction of the 
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tubule. The aligning of the lipids along the axis of the tubule is consistent with the fact that 

the minor eigenvector of the susceptibility tensor is pointed along the tubules.

The idea of the lipid chain creating susceptibility contrast and anisotropy has been suggested 

previously (19,55). In the study of susceptibility anisotropy in the brain white matter (19), 

lipid molecules in the myelin sheath were found to be the main source of anisotropy 

observed by STI. In the myelinated axons, the long axes of the lipid chains point radially 

and are perpendicular to the axis of the axon. As a result, the bulk susceptibility of 

myelinated axons appears to be most diamagnetic in the direction perpendicular to the 

axons. In other words, the minor eigenvector of the susceptibility tensor is perpendicular to 

the axons. This is the opposite of what we found in the kidney where the minor eigenvectors 

were parallel to the tubules. More importantly in both cases, membrane lipids appear to play 

a significant role.

Within the whole kidney, the most diamagnetic susceptibility was found in the outer stripe 

of the OM (−8.5 ppb in the STI dataset without contrast and −28.3 ppb in the STI dataset 

with contrast). Coincidently, the nephron segments in the outer stripe also have the longest 

microvilli and the most infoldings in the basement membrane, thus increasing the alignment 

of mitochondria (54,56). These would all contribute to an abundance of lipids and strong 

diamagnetic susceptibility in the outer stripe.

Besides lipid molecules, there are other macromolecules and cellular contents (extracellular 

matrix, nucleic acids, and proteins) that may influence the susceptibility in the kidney 

(22,57–60). Susceptibility anisotropy may also arise due to the compartmentalization of 

nephron tubules. Further work is needed to determine the relative contributions of these 

various components. Investigation is also needed to determine how the 

compartmentalization and composition of the tubules affect the distribution of contrast 

agent. One way to do that is by using disease or transgenic models with altered molecular 

and cellular contents.

Technical considerations

One limitation of STI is the requirement of rotating the object and the associated long 

acquisition time. Twelve orientation datasets were acquired for this study. With improved 

algorithms to solve the susceptibility tensor equations, the theoretical minimum of 6 

orientation datasets can be achieved. Unlike DTI where diffusion anisotropy is sampled by 

different gradient directions, STI determines susceptibility anisotropy when tissue structure 

is oriented at different angles with respect to the magnetic field. Automatic reorientation 

using a goniometer has been demonstrated on samples for electron spin resonance studies 

(61), and these approaches can be extended to high-resolution imaging of entire specimens. 

A recent study has demonstrated that STI can be acquired without a physical rotation by 

sampling the multipole response of the object (62). Applying this technique will be crucial 

for in vivo imaging. Another limitation of our technique is the structural resolution and 

specificity. Our voxel size is near the resolution of a single tubule; we are only capable of 

quantifying the collective susceptibility and anisotropy of tubules within a voxel and not 

specific tubules or segments. Susceptibility imaging can be sensitive to artifacts that strongly 

affect magnetic susceptibility. For example, artifacts can arise from air bubble 
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contamination during perfusion and specimen preparation. The kidney area most susceptible 

to trapping air bubbles is the renal hilum where the fluid content flows through and where 

the ligation occurs. These susceptibility artifacts also adversely affect DTI. Finally, 

additional samples and modeling are needed to understand how the tubule compartments 

and the contrast agent affect susceptibility contrast and anisotropy.

Despite some of the challenges of STI studies, STI offers added benefits over DTI including 

the detection of straight tubules beyond the IM of the kidney. DTI can potentially detect 

larger tubules by increasing the diffusion time such that the average displacement of the 

water molecules is much bigger than the dimensions of the tubules. Such experiments 

require longer TEs, resulting in significantly lower SNR, which in turn reduces the 

achievable spatial resolution or requires longer acquisition times. Additionally, STI may 

have an advantage in detecting subtle changes in the nephron wall structure such as necrosis, 

where the bilayer lipids are significantly reorganized while the tubule lumen space remains 

intact. In such cases, susceptibility and susceptibility anisotropy will change significantly 

while diffusion anisotropy may not. STI can thus be complementary to DTI by providing 

more sensitive characterization of membrane degradation.

Conclusion

STI is a novel tool to study the nephron structure in the kidney. STI can assess nephron 

segments where DTI fails, and thus surpasses the current and only MR method to study the 

renal tubule. The nondestructive nature of MR, the ability to assess the renal microstructures 

in three dimensions, and the richness of contrasts and quantitative analysis that can be 

extracted from STI make MRI a promising tool to understand the complex structures of the 

renal system. The techniques developed in this study can have broad applications in 

studying the physiology or pathophysiology of the kidney. More importantly, the potential 

of extending these methods to longitudinal in vivo imaging can answer critical questions 

about the kidney relating to development and disease progression.

Representative 3D datasets and Supplemental Material are available via CIVMSpace, our 

method for sharing information with the scientific community <http://

www.civm.duhs.duke.edu/lx201210>.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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List of abbreviations

Structural nomenclature

AP anterior-posterior or anteroposterior

CO cortex

DV dorsal-ventral or dorsoventral

IM inner medulla

LLN long loop nephron

ML medial-lateral or mediolateral

OM outer medulla

SLN short loop nephron

MRI

AMS apparent magnetic susceptibility

DTI diffusion tensor imaging

FA fractional anisotropy

GRME gradient multiecho

RF radiofrequency

SA susceptibility anisotropy

STI susceptibility tensor imaging

TE time to echo

TR time to repetition

Variables

SNR signal-to-noise ratio

f frequency offset

M0 initial magnetization

T2
* tissue relaxation time

θ image phase

T transpose

B̂0 unit vector of the applied magnetic field

FT Fourier transform

FT−1 inverse Fourier transform

k spatial frequency vector

χ second-order (rank 2) susceptibility tensor
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γ gyromagnetic ratio for water proton

B0 magnitude of the applied magnetic field

t echo time
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Fig. 1. 
A: Magnitude images at the 1st (3.4 ms), 4th (12.1), 7th (20.8), 10th, (29.5), and 13th (38.2) 

echo. B: Multiecho Fourier domain image contrast (33) was computed from the GRME 

magnitude dataset. Circles correspond to the IM (red), OM (green), and CO (blue). C: 

Magnitude signal vs. TE. D: Susceptibility images at the same TEs. E: Enhanced 

susceptibility image from the multiecho susceptibility dataset. F: Susceptibility vs. TE. Scale 

bars = 1 mm.
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Fig. 2. 
Plots of AMS vs. tubule angle between DTI major eigenvector and B0. AMS values are 

determined in the IM region. Kidney image without contrast agent (A) and corresponding 

AMS plot (B). Kidney image with contrast agent (C) and corresponding AMS plot (D). 

AMS (Δχ) is expressed in units of ppb (both y-axis and AMS equation). A and C are 

susceptibility trace images (registered). Error bar = one standard deviation within each bin.
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Fig. 3. 
Tensor arrays in coronal view (A, C, E, G) and anisotropy maps in axial view (B, D, F, H). 

A–B: DTI (without contrast). C–D: STI (without contrast). E–F: DTI (with contrast). G–H: 

STI (with contrast). Anisotropy maps include grayscale and color coded maps. White arrows 

point to the IM in DTI (A, E). Black arrows point to IM and white arrows point to OM in 

STI (C, G). STI images were inverted to emphasize structures in the renal parenchyma (C, 

G). Eigenvector axis: red is anteroposterior (AP), green is dorsoventral (DV), and blue is 

mediolateral (ML). Scale bars = 1mm.
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Fig. 4. 
Tractography from DTI (A–B) and STI (C–D) in medullary regions of the kidney (with 

contrast). A and C: Sagittal view from OM towards papilla tip. B and D: Coronal view. 

Black arrows point to tracks in ML direction and white arrows point to tracks in AP 

direction. Yellow arrow indicates additional STI tracks in DV direction (C). DTI tracks 

overlay b0 image and STI tracks overlay susceptibility trace image. Insets show tensor 

glyphs (B, D). White arrows in insets point in the overall direction of glyphs. The major axis 

of STI glyphs points along the minor eigenvector (largest diamagnetic susceptibility).
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Fig. 5. 
Additional views of STI tracks (without contrast). A: CO tracks throughout the kidney in a 

coronal view. B: CO tracks in a sagittal view. Yellow rendering shows the OM surface. C: 

Sagittal view of medullary tracks traveling down towards IM papilla. D: Axial view of IM 

tracks.
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Fig. 6. 
Image comparison for validation. A: Confocal image. B: Susceptibility trace image. C: 

Masson’s Trichrome image. D: Magnitude image. Black and white arrows point to 

corresponding vascular bundles in the inner stripe (IS) of the OM. Blue arrows point to the 

outer stripe (OS) of the OM. Labeled regions include the CO, OS, IS, and IM. Scale bar = 

1mm.
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Fig. 7. 
Confocal images of the mouse nephron segments. A, B, C: LLN associated with the 

juxtamedullary glomerulus (jG). D, E, F: SLN associated with the superficial glomerulus 

(sG). Straight segments of the LLN: IM descending thin limbs (DTL), IM ascending thin 

limbs (ATL), inner stripe (IS) medullary thick ascending limbs (mTAL), and outer stripe 

(OS) distal straight tubules (DST). Tortuous segments of the LLN: OS proximal straight 

tubule (PST) and IS DTL. The straight portion of the collecting system includes the cortical 

collecting ducts (CD). All segments of the SLN were tortuous including the OS PST, IS 

DTL, IS mTAL, and OS DST. F: Left arrow points to the bend of SLN mTAL. Scale bars = 

55 μm.
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