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Abstract 35 
 36 

MRI can provide excellent detail of renal structure and function. Recently, novel MR 37 
contrast mechanisms and imaging tools have been developed to evaluate microscopic kidney 38 
structures including the tubules and glomeruli. Quantitative MRI can assess local tubular 39 
function and is able to determine the kidney’s concentrating mechanism non-invasively in real 40 
time. Measuring single nephron function is now a near possibility. In parallel to advancing 41 
imaging techniques for kidney microstructure is a need to carefully understand the relationship 42 
between the local source of MRI contrast and the underlying physiological change. The 43 
development of these imaging markers can impact the accurate diagnosis and treatment of 44 
kidney disease. This article reviews the novel tools to examine kidney microstructure and local 45 
function, and demonstrates the application of these methods in renal pathophysiology. 46 
 47 
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Magnetic resonance imaging, kidney microstructure, quantitative susceptibility mapping, 51 
susceptibility tensor imaging, kidney concentrating mechanism, gadolinium-based contrast 52 
agent, cationized ferritin agents, glomerular microstructure, nephron architecture. 53 
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Abbreviations 57 
 58 
CF   Cationized ferritin  59 
CFE-MRI   Cationized ferritin enhanced MRI 60 
FA   Fractional anisotropy 61 
FTI    Frequency tensor imaging 62 
Gd    Gadolinium 63 
QSM    Quantitative susceptibility mapping 64 
SI   Susceptibility index 65 
STI    Susceptibility tensor imaging 66 
T1   Spin-lattice or longitudinal relaxation 67 
T2*   Spin-spin or transverse relaxation due to magnetic field inhomogeneities 68 
 69 
 70 
  71 



Introduction 72 
 73 

Over the past several years, progress has been made in MRI to assess the microstructure 74 
of the kidney through identification of focal areas of disease and understanding of the 75 
relationship between source of signal contrast and the renal physiology (10, 21, 92, 100, 108, 76 
109, 116). MRI tools and contrast mechanisms allowing evaluation of detailed microstructure 77 
include magnetic resonance histology (46), quantitative susceptibility mapping (QSM) (25, 73), 78 
susceptibility tensor imaging (STI) (52, 62), and targeted glomeruli imaging (8). Other 79 
approaches such as blood oxygenation level-dependent (BOLD) and MRI-based glomerular 80 
filtration rate (GFR) are examples of more traditional renal MRI methods and are discussed 81 
elsewhere (32, 70, 78, 80, 120). With magnetic resonance histology, detailed renal structures can 82 
be visualized in entire kidney specimens (108). Using QSM, local lesions of fibrosis and 83 
inflammation can be identified and validated with traditional histology (116). Nephron tubules 84 
can be tracked throughout the kidney and the tubular microstructure can be assessed with STI 85 
(109).  86 
  87 
 These imaging tools have been extended to in-vivo observation of microscopic glomeruli 88 
and local tubular function. Recently, a cationized ferritin enhanced (CFE) MRI technique was 89 
developed to image individual glomerulus and nephron (82). Although implanted MR detectors 90 
are required, the method opens the door to potentially evaluating single nephron function. Local 91 
tubular function, such as the concentrating mechanism, can be measured non-invasively and 92 
observed dynamically. Using dynamic contrast-enhanced QSM, one can determine the kidney’s 93 
function to reabsorb water and concentrate wastes for excretion (113).   94 



 95 
 With the high resolution of 3D microscopic imaging, advanced image analysis tools 96 
become critical for extracting and quantifying physiological parameters from the images. In the 97 
kidney, advanced algorithms have been developed to segment individual structures and 98 
compartments. For instance, segmentation algorithms were developed to enumerate hundreds of 99 
thousands of glomeruli in entire kidneys (6, 10). Tensor and tractography tools have been used to 100 
follow the renal tubular paths. A vector projection algorithm has been developed to produce a 101 
susceptibility-based tensor with significantly faster acquisition (112). Together, the image 102 
analytics report quantitative metrics of renal physiology and allow potential translation to routine 103 
clinical imaging. 104 
 105 
 The imaging tools to characterize microstructure and local function are driven by a need 106 
to: distinguish the local source of MR contrast; determine the relationship between MR signal 107 
and the underlying physiological changes; and detect and quantify essential kidney features from 108 
the MR images. These imaging markers can have an impact on accurate diagnosis and treatment 109 
of human kidney disease. In this article, we review novel tools to examine kidney microstructure 110 
and local function, and demonstrate the application of these methods for renal pathophysiology.  111 
 112 
 113 
Characterizing kidney microstructure 114 
 115 
 Understanding and identifying the renal malformation are essential for early screening 116 
and intervention of kidney diseases. If imaged and visualized, the complex microstructure of the 117 



kidney can reveal the proper functioning of filtration, reabsorption, secretion, and excretion. 118 
Microscopic MRI offers comprehensive information of the renal microstructure and the 119 
biophysical properties of tissue. Several MRI techniques and contrast mechanisms provide these 120 
capabilities, including but not limited to: magnetic resonance histology (46), diffusion-weighted 121 
imaging (95), susceptibility weighted imaging and quantitative susceptibility mapping (21, 30, 122 
116, 117), T1- and T2- weighted imaging, magnetization transfer (100), and targeted contrast 123 
agent methods (92). The most recent imaging tools for kidney microstructure are presented. 124 
 125 
Magnetic resonance histology 126 
 127 
 Magnetic resonance histology is a technique that complements traditional histology by 128 
providing microscopic images of intact specimens. Magnetic resonance histology allows 129 
evaluation of entire organs nondestructively in 3D and can exploit water-dependent contrast in 130 
the tissue (11, 46, 68). This method has been applied in pathology and toxicology to 131 
quantitatively assess tissue structures (45, 53, 72). In the kidney, it can assess chronic disease, 132 
inflammation, and age-related degeneration (108, 116). In addition, magnetic resonance 133 
histology offers a method to visualize and understand the microstructure that contributes to the 134 
signal in a lower-resolution in-vivo MRI. 135 
 136 
 Briefly, magnetic resonance histology involves a transcardial perfusion fixation. 137 
Gadolinium (Gd) contrast agents such as Magnevist (Gd-DTPA) or ProHance (Gd-HP-DO3A) 138 
are used during perfusion to enhance the MRI signal (47). The specimens from the animal are 139 
imaged at high field strengths and high resolutions (108, 116). A resolution of 15×15×15 μm3 140 



has been achieved for a kidney biopsy specimen (108). Using magnetic resonance histology, 141 
detailed structure of the entire kidney can be examined including glomerular architecture, tubular 142 
integrity, and renal vasculature. Fig. 1 illustrates the image quality that can be achieved with 143 
magnetic resonance histology. Here, a kidney from a 52-week old rat was imaged at 31×31×31 144 
μm3 (voxel volume=30 pL) using a T1-weighted spin echo sequence at 9.4 T. Insets show close-145 
up views of the cortex (Fig. 1B), outer medulla (Fig. 1C), and inner medulla (Fig. 1D). 146 
  147 
Quantitative susceptibility mapping 148 
 149 
 Quantitative susceptibility mapping (QSM) is an MRI contrast mechanism based on 150 
magnetic susceptibility (24, 25, 59, 67, 94) and has been applied in a few kidney studies (108, 151 
109, 116). QSM is very sensitive to molecular content, cellular arrangement, and tissue 152 
microstructure. Susceptibilities from QSM can be identified as either paramagnetic or 153 
diamagnetic (63, 102). Diamagnetic sources have negative susceptibilities and include materials 154 
such as water, lipids, protein, and myelin. Paramagnetic materials having positive susceptibilities 155 
include gadolinium, iron, hemosiderin, and deoxyhemoglobin. When contents are altered due to 156 
disease, QSM can quantify disease differences and determine the source of contrast. Moreover, 157 
QSM can provide additional structural contrast, image resolution, and quantitative information 158 
when compared to standard magnitude images (31, 40, 62, 74, 84).  159 
 160 
 Although not commonly performed, QSM can be derived from conventional MRI data 161 
through specialized post-processing steps. Either a single or a multiecho T2*-weighted gradient 162 
echo sequence can be used for QSM (107, 116). The complex data is separated into the 163 



magnitude and phase images (Fig. 2). The raw phase must be processed to obtain the local tissue 164 
information, including unwrapping and background phase removal (1, 14, 55, 56, 59, 65, 66, 90, 165 
91). The final field map is inverted to compute the QSM image, commonly with a least squares 166 
algorithm (62, 87): 167 

 168 
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 170 
where χ(k) is the susceptibility map in the frequency domain, k is the reciprocal space vector and 171 
kz is its z-component, γ is the gyromagnetic ratio for water proton, μ0 is the vacuum permeability, 172 
H0 is the magnitude of the main magnetic field, f(r) is the frequency offset map, and FT–1 is the 173 
inverse Fourier transform. The susceptibility map is represented in ppm of the magnetic field. 174 
Assumptions of QSM include isotropy and independence of magnetic field direction (64). The 175 
entire reconstruction process from the image phase to QSM is shown in Fig. 2. Here, QSM 176 
provides additional structural detail and contrast: the outer stripe of the outer medulla can be 177 
distinguished from the inner stripe, the vasa recta in the outer medulla is visible, and the 178 
microvasculature has higher contrast with parenchyma tissue. 179 
 180 
QSM: application in inflammation and fibrosis 181 
 182 
 One application of QSM is for detection of focal interstitial fibrosis and cortical 183 
inflammation (116). Here, QSM was applied in a mouse model of angiotensin (AT1) receptor 184 
deficiency and identified local pathologies from the kidney specimens. The study demonstrated 185 



the advantage of QSM over traditional magnitude MRI, where detecting inflammation and 186 
fibrosis still remains challenging (43, 98, 118). The identification of inflammation and fibrosis 187 
can lead to diagnosis of a variety of renal diseases (43, 77). 188 
 189 
 The results from this study are highlighted in Fig. 3. MR images were registered with 190 
histology to allow identification of the physiological injuries. Areas of inflammation and fibrosis 191 
are indicated by yellow arrows in Fig. 3A and 3D. Kidneys from normal adult mice can have 192 
fibrosis due to spontaneous diseases such as chronic progressive nephropathy or pathology 193 
associated with aging (108). Fibrotic areas appear dark in the magnitude image because of rapid 194 
T2* relaxation and are likely due to reduced water content and increased susceptibility 195 
heterogeneity. The corresponding QSM image (Fig. 3C) shows negative magnetic susceptibility 196 
in the same region and restores the structural detail and resolution that were compromised in the 197 
magnitude. Glomerulocysts with wall wrinkling, tufts, and enlarged Bowman’s space were 198 
identified in the angiotensin receptor deficient mouse (see white arrows in Fig. 3D-F). 199 
Consequently, these areas had high positive susceptibility because the vacuolated areas are filled 200 
with contrast agent, which is paramagnetic (Fig. 3F). These images were acquired with a T2*-201 
weighted multiecho gradient echo sequence at isotropic resolution of 31×31×31 μm3 (voxel 202 
volume=30 pL) on a 9.4 T system.  203 
 204 
 QSM can quantify the severity of tissue injury in kidney disease. In the angiotensin 205 
receptor knockout study, susceptibilities were more diamagnetic in all three renal regions of 206 knockout cohorts compared to the wild type (Table 1). These large negative (diamagnetic) 207 susceptibility values confirm the abundance and distribution of inflammation and fibrosis 208 



found in histology. The exception was in the inner medulla where the susceptibilities were 209 not significantly different between single isoform knockout (Agtr1a-/-) and dual isoform 210 knockout (Agtr1a-/- Agtr1b-/-). Susceptibility values are relative and referenced to the 211 entire organ. Additional measurements referenced to the renal pelvis are included. The 212 variation in kidney parenchyma was highest in the Agtr1a-/- Agtr1b-/- cohort, which is 213 consistent with Fig. 3 where the inflammation and fibrosis give rise to increased 214 heterogeneity in the kidney.  215 
 216 
 The results from this study provide a critical connection for clinical imaging. Negative 217 
susceptibility values were identified with local inflammation and fibrosis. In preclinical and 218 
clinical in-vivo imaging, image resolution is much lower and focal regions become difficult to 219 
resolve. However, even with partial volume effects due to low resolution, the average negative 220 
susceptibilities remain and can be used to identify renal disease such as inflammation and 221 
fibrosis.  222 
 223 
 224 
Evaluating nephron integrity 225 
 226 
 The nephron has a complex three-dimensional structure and organization that are critical 227 
to kidney regulatory roles including filtration, homeostasis, and hormonal regulation. The 228 
nephron consists of tubular segments including the proximal tubule, intermediate tubule, 229 
connecting tubule, and collecting duct, each with a unique arrangement. The tools available to 230 
evaluate these complex three-dimensional structures in the native tissue, however, are limited. 231 



One MR tool called diffusion tensor imaging (DTI) can assess the integrity and architecture of 232 
renal tubules (35, 39, 42, 50, 79, 85, 119). Furthermore, DTI can probe the kidney ultrastructure 233 
and has demonstrated changes in diffusion coefficients in parenchymal diseases (76, 97). More 234 
recently, a technique called susceptibility tensor imaging (STI) complemented DTI and provided 235 
additional microstructural information in all renal regions (109). STI aims to quantify the tissue’s 236 
directional response to the applied magnetic field, and it is more sensitive to the molecular 237 
composition and the cellular microstructure of the tubular walls. On the other hand, DTI 238 
measures the anisotropic water diffusion inside of tubular structures or the spaces between 239 
fibrous tissues. DTI is inherently based on the attenuation of MR signal due to diffusion 240 
sensitizing gradients. For STI, the signal is based on the induction and not attenuation of 241 
magnetic susceptibility. 242 
 243 
Tensor imaging techniques 244 
 245 

Before the results from DTI and STI are discussed, it is worthwhile to understand the 246 
signal source and the formation of each tensor image. DTI is achieved with multiple diffusion 247 
gradient directions. STI is based on physical directions with respect to the magnetic field. Both 248 
DTI and STI can be represented by a symmetric 6-element tensor array, and thus require a 249 
minimum of 6 directions. 250 
 251 
 For STI, phase images acquired at multiple directions are projected into a single 252 
orientation frame through image registration. The transformation matrix from registration is used 253 
to determine the magnetic field vector in the new image space. Similar to the QSM process, the 254 



phase image for STI is processed using unwrapping and background phase removal. The final 255 
phase image (θ) is used to calculate the tensor (62): 256 

 257 
 258 

(2) 259 
 260 

where the superscript T represents the transpose operation, B̂0

 
is the unit vector of the applied 261 

magnetic field, FT is the Fourier transform, FT–1 is the inverse Fourier transform, k
 
 is the 262 

spatial frequency vector, χ is the second-order (rank 2) susceptibility tensor, γ is the 263 
gyromagnetic ratio for water proton, B0 is the magnitude of the applied magnetic field, and t is 264 
the echo time. With multiple measurements of θ at different orientations, susceptibility tensor χ 265 
can be solved using a system of linear equations. 266 

 267 
Eigenvalue decomposition is performed on the tensors to determine anisotropy. Diffusion 268 

fractional anisotropy (FA) is computed following (3). In STI, anisotropy is assessed with the 269 
susceptibility index (62): 270 

 271 
SI =

χ1 − χ3 +ψ
χ  

272 
 273 

where χ1 – χ3 is a direct measure of susceptibility anisotropy, ψ is an adjustable parameter, and 274 
χ  is the mean susceptibility. Both FA and SI are scaled from 0 to 1, where 0 indicates isotropy 275 
and 1 indicates anisotropy.  276 
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 277 
 Using the principal eigenvectors and anisotropy from DTI and STI, tractography can be 278 
performed to follow the nephron organization. The entire process of acquiring multi-directional 279 
data to performing tractography is shown in Fig. 4. These kidney specimens were enhanced with 280 
Gd and imaged at isotropic resolution of 55×55×55 μm3 following (109).  281 
 282 
 The difference between DTI and STI can be explained by the microstructure and the 283 
source of contrast from each tensor technique. Briefly, DTI anisotropy measurements ranged 284 
from 0.17 to 0.27 in medullary regions. STI anisotropy measurements ranged from 0.29 to 0.36 285 
in the medulla (109). The tractography results revealed that DTI was limited to the inner 286 
medulla, while STI tracked tubules in the outer medulla and cortex (indicated by yellow arrows 287 
in Fig. 4). Based on the diffusion time of the DTI sequence, the expected water displacement 288 
ranges from 5 to 10 μm. In the rodent kidney, nephrons have diameters of ~10 μm in the inner 289 
medulla (29), up to 47 μm in the outer medulla (29), and ~50 μm in the cortex. In structures with 290 
dimensions greater than 5 to 10 μm, water diffusion would appear isotropic, and DTI would not 291 
be able to successfully represent the anisotropic structures in the outer medulla and cortex. To 292 
detect the larger diameter structures, the diffusion time needs to be longer than 470 ms, and by 293 
then the MR signal would have been depleted. But, STI can detect the larger straight tubules in 294 
the outer medulla and some in the cortex. STI is based on a different microstructural contrast 295 
mechanism and likely due to molecular sources in the tubular cells. In the human kidney, 296 
nephron dimensions are similar, but tubules are more coherent and less tortuous (103). In straight 297 
thin tubules, DTI would exhibit higher anisotropy and longer tracks in humans compared to 298 
rodents.  299 



 300 
Tensor imaging: application in a model of ischemia reperfusion 301 
 302 
 One application of STI is renal ischemia reperfusion, which is a disease model with well 303 
known cellular and lipid disorganization (17, 18, 26, 37, 93). In the injured cells, the microvilli, 304 
basolateral infoldings, and mitochondria become disordered and swollen. STI was applied in a 305 
mouse model of ischemia reperfusion and compared with DTI (115). Tensor imaging results 306 
from this model are shown in Fig. 5. While DTI revealed some reduced anisotropy and 307 
tractography in the inner medulla, STI demonstrated a greater reduction in anisotropy and 308 
tractography in the same region (indicated by green arrows in Fig. 5). The measurements of 309 
diffusion and susceptibility anisotropy are included in Table 2. The anisotropy reduction was as 310 
high as 0.13 (38% reduction) with STI and 0.06 (21% reduction) with DTI. In the cortex, STI 311 
revealed an anisotropy change of 0.06 (32% reduction) while DTI showed a change of 0.01 (9% 312 
reduction). 313 
 314 
 STI can be sensitive to the microstructural injuries in ischemia reperfusion. This disease 315 
model exhibits mitochondrial disorganization and cell swelling, which are most evident in the 316 
proximal tubules of the renal cortex (37). The results demonstrate that the greatest reductions in 317 
susceptibility anisotropy were in the cortex and the inner medulla. Consequently, the presence of 318 
diffusion anisotropy and performance of DTI tractography indicate that the tubular segments are 319 
mostly intact. The findings provide additional evidence that the source of susceptibility 320 
anisotropy originates from the cellular structures in the renal epithelia. STI can be 321 



complementary in providing information of the nephron cells and walls, while DTI offers insight 322 
on the water diffusion inside the tubules. 323 
 324 
 325 
Identifying glomerular microstructure 326 
 327 

The average human kidney contains an average of one million nephrons, with large 328 
variability in nephron number between individuals. The total number of nephrons must be 329 
sufficient to maintain complete glomerular filtration. Since nephrons do not regenerate after 330 
early gestation in humans, nephron endowment has significant implications in determining long-331 
term risks of developing chronic kidney disease. Assessment of glomerular number, and thus 332 
nephron endowment, can allow determination of therapies to support or resume nephrogenesis, 333 
especially during early maturation (12, 20).  334 
 335 
 Traditionally, nephron endowment has been measured through destructive histological 336 
techniques. Other histological approaches based on stereology are more accurate and have 337 
revealed important features of the distribution of nephron endowment in human populations and 338 
animal models of disease. Two drawbacks are that the traditional approaches need whole kidneys 339 
to be sectioned and cannot be used in living subjects. The ability to maintain the intact kidney 340 
and map the location of glomeruli and nephrons could reveal important mechanisms of renal 341 
disease and open the door to longitudinal tracking of nephron number in animal models and in 342 
human patients. 343 
 344 



Cationized ferritin enhanced MRI: application in glomerular disease 345 
 346 

The development of several MRI techniques has made possible whole-kidney MRI-based 347 
measurements of renal glomerular morphology, including measurements of glomerulus number, 348 
glomerular volume, the intrarenal distribution of glomerular volume, and the location of nephron 349 
loss due to disease (9). The basic approach is to use cationized ferritin (CF) to label the renal 350 
glomerular basement membrane in every glomerulus after intravenous injection in rats (10). The 351 
CF is superparamagnetic due to its iron oxide core and can be detected with traditional gradient 352 
echo MRI sequences. This development created the cationized ferritin enhanced (CFE) MRI 353 
method for imaging the glomeruli. 354 
 355 

Several studies have examined changes in renal microstructure with disease using CFE-356 
MRI. The most critical observation was the reduced accumulation of CF and CF-detected 357 
glomerular hypertrophy in regions of human donor kidneys from hypertensive patients (4). The 358 
complex microstructural changes that cause the change in MRI are under investigation through 359 
animal models of focal and segmental renal disease (10). The results from the human kidney and 360 
animal models are shown in Fig. 6. Areas with unlabeled CF in MRI corresponded to 361 
glomerulosclerosis and vascular sclerosis in histology images of the human kidney (Fig. 6C). In 362 
the animal model, diffuse labeling by CF of the glomeruli were found at early stage, followed by 363 
mass accumulation of CF in the glomerulus and in the proximal tubule (Fig. 6 bottom panel). By 364 
contrast, there was no accumulation of native ferritin at early stage but mass leakage of native 365 
ferritin into the proximal tubule, confirmed by anti-ferritin immunofluorescence in the 366 
glomerulus and the tubule (Fig. 6 bottom panel). These findings are consistent with breakdown 367 



of the charge barrier in the glomerular basement membrane at early stage in focal and segmental 368 
glomerulosclerosis and with substantial proteinuria at later stages. Mouse models of reduced 369 
nephron number have also been studied to provide insight into congenital changes affecting 370 
nephron endowment and function (2, 19). Studies such as these begin to elucidate the 371 
mechanistic underpinnings of changes in MRI markers with development of renal pathology. 372 
 373 
In-vivo imaging strategies 374 
 375 
 A few studies are beginning to demonstrate detection of glomeruli with in-vivo imaging. 376 
This focus on in-vivo detection is critical to a wide range of efforts, from studies investigating 377 
structure-function relationships to longitudinal observations of disease etiology and drug 378 
interactions. The injection of various MRI contrast agents can be employed to monitor renal 379 
function in vivo, potentially at the single nephron level. In particular, two studies demonstrated 380 
imaging of single nephrons in the rodent kidney through a novel wireless amplified detector 381 
implanted on the kidney surface (81, 82). As shown in Fig. 7, individual glomeruli and dynamic 382 
filtration of a freely filtered Gd contrast agent were monitored simultaneously. The same figure 383 
shows in-vivo detection of glomeruli in a rat after intravenous injection of CF (10). Two major 384 
technical challenges of in-vivo imaging are illustrated in these images, which include subject 385 
motion and image sensitivity. Motion artifacts can be reduced through respiratory gating; the 386 
impact of gating depends on the spatial resolution. New techniques are also increasing the speed 387 
of acquisition, potentially reducing the amount of motion observed during acquisition. More 388 
recent approaches to reduce motion artifacts are applied during image reconstruction (125). 389 



Sensitivity can be improved through development of RF technology (81) and improved contrast 390 
agents with either higher relaxivity or higher contrast relative to the image background (22). 391 
 392 
 393 
Measuring concentrating mechanism 394 
 395 
 The concentrating mechanism is the ability of the kidney to create a large osmotic 396 
gradient that gives rise to urine that is much more concentrated than blood plasma (51). This 397 
concentrating ability is typically quantified as a ratio of urine osmolality to blood plasma 398 
osmolality and can indicate the physiological status of the kidney (44, 54, 75). One of the 399 
challenges of measuring the concentrating mechanism is the need to achieve extreme 400 
dehydration, which can take several hours. The imaging equivalent of this metric is to measure 401 
the kidney’s ability to concentrate an agent from the renal artery to the collecting ducts. One 402 
such method measures the maximum concentration of a Gd contrast agent in the inner medulla 403 
relative to the renal artery (113). 404 
 405 
 The technique was developed incidentally while observing an MRI artifact created by the 406 
kidney. One of the challenges with MRI is the dark blooming effect (27, 33, 34, 57) due to high 407 
Gd concentrations in certain areas of the kidney and bladder. One of the best MRI sequences to 408 
alleviate this problem is the ultrashort echo time sequence (83, 86, 99, 122). However, the T2* 409 
blooming was still observed, despite the use of an ultrashort echo time of 20 μs and the use of 410 
low doses of Gd (0.03 mmol/kg) to measure renal function. QSM was able to invert this signal 411 
artifact and identified the source to be the high Gd concentration, representing a new tool to 412 



assess the kidney concentrating ability in real time. This method referred to the mechanism as the 413 
concentrating index—the ratio of the maximum inner medulla concentration to the peak renal 414 
artery concentration. 415 
 416 
 One application of the concentrating index is to measure the renal function of the 417 
developing kidney (113). Here, C57BL/6 mice were imaged longitudinally over a 17-week 418 
course (3, 5, 7, 9, 13, 17 weeks). The dynamics of the contrast agent were assessed using a 4D 419 
QSM image, yielding a 3D image (125×125×125 μm3 resolution, voxel volume=1.95 nL) every 420 
7.7 seconds over a 50-minute time course (390 time points). Example slices of this dataset are 421 
shown in Fig. 8. The T2* blooming effect can be seen in the magnitude image at 2.6 minutes 422 
(indicated by white arrow in Fig. 8A). QSM was able to resolve this signal void and created a 423 
positive contrast in the same region at 2.6 minutes (white arrow in Fig. 8B). This positive signal 424 
confirms the presence of the concentrated Gd agent. Close-up magnitude and QSM images (Fig. 425 
8C-9D) show that the most concentrated area was deep in the inner medulla, allowing 426 
determination of the concentrating index. The peak concentration and the concentrating index are 427 
included in Table 3.  428 
 429 

The concentrating mechanism (concentrating index) in mouse kidneys ranged from 8.8× 430 
at 3 weeks to 3.8× at 17 weeks. In comparison, human urine osmolality can rise to ~1200 431 
mOsm/kg H2O compared to ~290 mOsm/kg H2O in the plasma, which results in a 4× increase 432 
(88). Chinchillas and Australian hopping mice can reach up to 7600–10,000 mOsm/kg H2O (13, 433 
69, 104). These animals have concentrations 20–24× of plasma (~390 mOsm/kg H2O) (96). 434 
Common rats and mice can concentrate up to ~3000–4000 mOsm/kg H2O, which is 9–12× 435 



compared to their plasma osmolality (~330 mOsm/kg H2O) (7). Based on imaging, the 436 
concentrating index of 3.8–8.8× can be expected for mice under mild diuresis and not at the 437 
maximal dehydration state. The imaging based concentrating index can offer a real-time 438 
assessment of renal function without the need to achieve extreme dehydration. The measurement 439 
of the concentrating mechanism could be useful for clinical studies as the human kidney’s ability 440 
to concentrate 4× is within the reported range of 3.8–8.8×. 441 
 442 
 443 
Image analysis for kidney microstructure 444 
 445 

Image analysis techniques are critical to extracting physiologically relevant parameters 446 
from 3D MR images. In the kidney, specific algorithms have been applied to segment individual 447 
tissue compartments. Some of the advanced processing methods have been developed in 448 
conjunction with the MRI tools established to highlight kidney structures. For instance, 449 
segmentation algorithms have been developed to count thousands to a million glomeruli in entire 450 
kidney specimens. Tensor and tractography tools have been utilized to follow the renal tubular 451 
paths. A vector projection algorithm has been developed to produce a susceptibility-based single 452 
orientation tensor dataset. These image-processing tools are important for high-resolution 453 
datasets, can help reduce acquisition times, and report quantitative metrics of renal physiology. 454 
 455 
Segmentation of glomeruli 456 
 457 



 Two major segmentation methods have been developed to segment and quantify the 458 
glomeruli from MR images. The first method is based on a spherical Hough transform to isolate 459 
glomeruli from kidney specimens enhanced globally with Gd (108). Briefly, the 3D spherical 460 
Hough transform was implemented by constructing a gradient image field to locate structure 461 
edges, line segments are accumulated to find the glomerulus center, and a signature curve is 462 
produced to quantify the glomerulus radius. Using this technique, the authors found that the 463 
glomerular diameters of rat kidneys increased from 152±25 μm at 8 weeks of age to 177±23 μm 464 
at 52 weeks of age (108).  465 
 466 

The second method is based on a modified Laplacian of Gaussian transform (123, 124) to 467 
segment glomeruli from kidney specimens enhanced with targeted contrast agents (6, 10). The 468 
Laplacian of Gaussian algorithm can be used for 2D slices or 3D images to segment glomeruli 469 
(61). This is demonstrated in Fig. 9, where individual dark, punctate spots of variable size are 470 
detected automatically in 2D and 3D.  471 

 472 
Because these transformation techniques are flexible in the types of features used, the 473 

same or a similar approach can be readily adapted to detect a range of microstructures from 474 
various image contrasts. Future work will need to integrate glomerular segmentation with that of 475 
other structures, including nephrons, vasculature, and other components of the renal 476 
microstructure. 477 
 478 
Structure tensor for tracking nephron tubules 479 
 480 



 At high image resolutions, fibrous and tubular structures can be identified and tracked 481 
using a technique called the structure tensor (49). This method evaluates the image neighborhood 482 
contrast, provides a quantitative measure of anisotropy, and allows tractography of vectors 483 
pointing in the direction of fibers or tubules (48). The structure tensor technique has been 484 
validated with traditional histology and demonstrated good agreement with optic axis orientation 485 
contrast methods (36, 101). This method can assess the integrity of nephron tubules directly from 486 
images at a single orientation. 487 
 488 
 To summarize, the structure tensor is based on the gradient of a 3D image f(x,y,z) by 489 
means Gaussian derivatives kernel with standard deviation σ (49): 490 
 491 

fx = gx ,σ ∗ f (x , y ,z),  f y = gy ,σ ∗ f (x , y ,z),  fz = gz ,σ ∗ f (x , y ,z) 492 
 493 
The structure tensor (S) is computed as the outer product of the image gradient vectors:  494 
 495 

S = ( fx , f y , fz )⋅( fx , f y , fz )T =

fx
2 fx f y fx fz

fx f y f y
2 f y fz

fx fz f y fz fz
2



















 496 
 497 

The tensor elements are then smoothed by convolution with a Gaussian kernel of a given 498 
neighborhood size and standard deviation. Similar to DTI and STI, eigenvalue decomposition 499 
can be performed on the structure tensor for each image voxel. Anisotropy can then be measured 500 
to determine the abundance of straight tubules in a given region.  501 



 502 
 The structure tensor tractography, along with glomeruli segmentation, can be combined 503 
to visualize tubules and glomeruli in a human kidney specimen (114). The result is illustrated in 504 
Fig. 10 where glomeruli are displayed as white spheres and the tubules are displayed as color 505 
tracks. Approximately one-percent of a million glomeruli are shown so that tubules can become 506 
visible. The colors indicate the human anatomical directions: green as anteroposterior (front-to-507 
back), red as superoinferior (head-to-foot), and blue as mediolateral (side-to-side). The black 508 
dots correspond to the enhanced glomeruli in the MR image (indicated by white arrows in Fig. 509 
10). The coherent structures correspond to the renal tubules and are visible in the MR image 510 
(indicated by black arrows in Fig. 10). 511 
 512 
Frequency tensor imaging at a single orientation by vector projections 513 
 514 

One major limitation of STI is the requirement to physically rotate the object with respect 515 
to the magnet field. Furthermore, a large range of angles is needed to improve the conditioning 516 
of the inverse problem. Currently, STI in humans has been limited to the brain where a 517 
reasonable range of motion can be achieved (15, 58, 60). Advances in the field have reduced the 518 
number of orientations to three by assuming cylindrical symmetry (60, 105). However, STI of an 519 
abdominal organ, even with three orientations, can be particularly challenging. Current studies of 520 
the heart and kidney have been limited to ex-vivo preclinical imaging (28, 109). 521 
 522 
 One potential solution is to project nephron tubules already pointing in various 523 
orientations with respect to the magnetic field (112). The tubular vectors can be determined from 524 



the structure tensor of the image intensities. The structure tensor eigenvector pointing along the 525 
tubules are then used for vector projection. This vector projection technique is achieved from a 526 
single orientation dataset and is called frequency tensor imaging (FTI).  527 
 528 

For FTI, candidate vectors are projected (transformed) onto a target vector based on 529 
distance and angle (Fig. 11). Each pixel would contain a matrix of frequency values and 530 
magnetic field unit vectors based on the vector transformation. The frequency tensor (F) is 531 
calculated from frequency values at projected orientations (i = 1, 2, … , n) following: 532 
 533 

fi = ĥi
TFĥi  534 

 535 
where f is the frequency value and ĥ is the magnetic field unit vector. Since F is symmetric, it 536 
can be rewritten as six independent tensor elements (F11 F12 F13 F22 F23 F33).  537 
 538 

A comparison of tractography results is shown in Fig. 12. The tracks from structure 539 
tensor accurately span anteroposterior (red arrows) and mediolateral directions (blue arrow). 540 
Similarly, FTI tracks cover the anteroposterior and mediolateral directions of kidney tubules. On 541 
the other hand, STI tracks are most coherent mediolaterally and less coherent anteroposteriorly. 542 
These results are based on a mouse kidney dataset acquired with a gradient echo (GRE) sequence 543 
at 55×55×55 μm3 isotropic resolution. STI was acquired using 12 directions in 12 hours, and FTI 544 
is computed from a single orientation dataset acquired in 1 hour. 545 
 546 



 FTI demonstrates the feasibility to obtain a susceptibility-based tensor imaging with a 547 
single orientation dataset. While the structure tensor was used as a priori to determine the tubular 548 
directions, the structure tensor itself does not provide the frequency information sensitive to the 549 
local microstructure. For instance, one study demonstrated that renal tubules were visible in the 550 
magnitude images, however, tractography based on local susceptibility was virtually absent due 551 
to damages in the tubular walls (110). FTI assumes radial symmetry from a seed point and treats 552 
nephron segments from pole to pole as being homogenous in structure and composition. It treats 553 
nephron segments along the tubule as being distinct where tubular vectors are not projected or 554 
shared. Renal injuries can be more specific to nephron segments along the tubule than to the 555 
same segments in neighboring tubules (37). Most importantly, the resultant FTI shows sensitivity 556 
to the frequency information of tubules at varying orientations with respect to the magnetic field. 557 
FTI offers a potential solution to rid of performing multiple orientations and significantly 558 
reduces the acquisition time compared to STI. The study demonstrates the identification of the 559 
signal source with ex-vivo imaging and the image-processing techniques to potentially translate 560 
methods for in-vivo clinical imaging. 561 
 562 
 563 
Technical considerations and limitations 564 
 565 
 There are technical considerations and limitations of the imaging tools presented in this 566 
review. While the imaging methods are cutting-edge and state-of-the-art, current studies are 567 
mostly limited to ex-vivo imaging or invasive in-vivo imaging with implanted MR detectors. The 568 
non-invasive in-vivo imaging to quantify the renal concentrating mechanism is promising but 569 



limited to small animals. Careful understanding of these tools and advances in the field are 570 
needed to translate these tools for routine clinical imaging of the kidney. 571 
 572 
Quantitative susceptibility mapping 573 
 574 

Technical considerations should be recognized when using QSM. The image results and 575 
quantitative values from QSM heavily depend on the algorithms for phase unwrapping, 576 
background phase removal, and inversion. The varying results confound the proper interpretation 577 
of normal physiology and pathology. Hence, rigorous assessment and standardization of these 578 
algorithms are needed for translation to routine use (63, 102). Also, QSM provides relative 579 
quantification rather than the absolute physical quantity. Currently, QSM assumes an average 580 
susceptibility value of zero in an object of interest, or QSM reports susceptibility values relative 581 
to an area with known susceptibility value. In the brain, susceptibility values are determined 582 
relative to the ventricular cerebrospinal fluid, where contents are assumed to be uniform and 583 
consistent (16). In the kidney, susceptibility values are determined relative to the pelvis, where 584 
contents are similarly assumed to be homogeneous (116). These assumptions can be invalid in 585 
cases of intraventricular hemorrhage or ventriculitis when the cerebrospinal fluid changes. 586 
Likewise, the contents in the renal pelvis can change due to proteinuria and other kidney 587 
diseases.  588 

 589 
QSM is based on the phase information from MRI and can be sensitive for motion 590 

artifacts. Solutions exist to alleviate motion such as respiratory gating or certain MR sequences. 591 
One such sequence is the volumetric radial imaging used for the dynamic contrast-enhanced 592 



QSM study. In MRI, radial sequences have reduced sensitivity to motion and flow artifacts when 593 
compared with traditional Cartesian sequences (38). Dynamic radial sequences are available on 594 
most clinical scanners and QSM from these datasets can be computed from the raw signal. One 595 
of the challenges of the dynamic contrast-enhanced QSM study is the signal dynamic range 596 
needed to capture both the high concentrating effect and the arterial input function. Potential 597 
strategies include obtaining the arterial input function from magnitude images or developing 598 
advanced protocols to encompass the large concentration range (113). 599 

 600 
Lastly, QSM assumes magnetic susceptibility to be isotropic and a scalar quantity. QSM 601 

can be computed from 2D or 3D data, but it is best accomplished with 3D images to avoid phase 602 
inconsistency among 2D slices (63). 603 
 604 
Tensor imaging 605 
 606 
 The need for physical rotation is a major limitation for STI. One potential solution is FTI 607 
at a single orientation by using vector projections. One challenge of FTI is the need of a priori 608 
knowledge of the tubular directions, which can be determined from structure tensor (112). 609 
Performance of the structure tensor relies on high image resolution—this can be difficult to 610 
obtain from low-resolution clinical imaging. DTI can be used in place of high resolution imaging 611 
for the structure tensor. This renders FTI as a DTI dependent tool and increases the acquisition 612 
time. The advantage of FTI is the sensitivity to the microstructure frequency information that 613 
cannot be obtained from the structure tensor or DTI. Both susceptibility based tensor-imaging 614 
methods offer additional information and can detect subtle cellular injuries in the nephron tubule. 615 



STI also revealed the orientation dependence of the magnetic field. The result is an interaction 616 
between susceptibility and the magnetic field by a tensor-vector product instead of a simple 617 
scaling effect. More importantly, the orientation dependence allows the assessment of the 618 
microstructural effect on a voxel level. The relationship can be important for the application of 619 
FTI in renal injury. 620 
 621 
In-vivo imaging 622 
 623 

Imaging nephrons in vivo for animals and humans can be challenging. In CFE-MRI, the 624 
principle challenge is toxicity of the agent, though preliminary studies show no toxicity of horse 625 
spleen ferritin in rats (5). Ferritin is naturally produced, has high homology across species, and 626 
can be removed. Detailed clearance and toxicity studies are ongoing. In-vivo imaging of renal 627 
function may be possible at the single nephron level, as demonstrated by wireless amplified 628 
detectors (81, 82). While the wireless amplified detector in its current form is limited in its 629 
spatial coverage, engineering approaches may overcome this limitation and cover larger areas.  630 
 631 
Image resolution 632 
 633 
 Image resolution should be considered in the context of the renal structures of interest 634 
and when translating the methods for clinical imaging. To summarize, magnetic resonance 635 
histology, QSM, DTI, STI, and FTI were used for ex-vivo 3D imaging of kidney specimens and 636 
achieved resolutions of 31×31×31 μm3 to 55×55×55 μm3 (108, 109, 111, 116). CFE-MRI was 637 
used for imaging glomeruli in rodent and human kidney specimens and achieved resolutions of 638 



50×50×50 μm3 and 117×117×117 μm3 (4, 6, 10). In-vivo imaging with an implanted detector was 639 
used for rodent glomeruli at 70×70×200 μm3 (81, 82). Dynamic contrast-enhanced QSM for 640 
measuring kidney concentrating mechanism in vivo was achieved at 125×125×125 μm3 (113). 641 
On the other hand, imaging resolution in the clinic is on the order of 1×1×1 mm3 depending on 642 
the sequence, acquisition time, and application need. The structures of interest such as the 643 
glomeruli are approximately 100 to 200 μm in diameter, and the nephron diameters range from 644 
10 to 70 μm (6, 29, 103, 108). While the number varies greatly, the dimensions of nephrons are 645 
reasonably conserved in rodents and humans (29, 103). Thus, the image resolution achieved with 646 
ex-vivo and preclinical imaging does not translate directly to clinical imaging. Instead, the 647 
contrast mechanisms and the understanding of the signal source can be translated. For instance, 648 
the MRI signal changes when CF molecules localize in the glomeruli and this signal difference 649 
can be used to derive the abundance of glomeruli in the kidney. In this case, detecting signal 650 
changes instead of resolving individual glomeruli can negate the need for implanted coils. The 651 
concentrating mechanism occurs in a collection of nephron tubules and the effect can be 652 
measured with several voxels at the clinical imaging resolution with dynamic contrast-enhanced 653 
QSM.  654 
 655 
 656 
Conclusion 657 
 658 

In this review, we presented several novel methods to assess kidney microstructure and 659 
local tubular function. Critical to the identification of renal pathophysiology is the understanding 660 
of the MRI signal source with confirmation of traditional histology. In study of inflammation and 661 



fibrosis, areas were identified with diamagnetic susceptibilities, which are likely due to large 662 
amounts of protein deposits. The performance of tracking nephrons depended on whether the 663 
source originated from the tubular walls via STI or whether the signal originated from molecular 664 
movement inside the tubules as demonstrated by DTI. The localization of the CF molecules in 665 
the renal tubules revealed glomerular injury due to the loss of affinity of CF in the glomeruli. 666 
The presence of a signal dropout in magnitude dynamic contrast-enhanced MRI hinted at the 667 
potential clearance of contrast agent in the kidney; instead QSM revealed the high concentration 668 
of the contrast agent and demonstrated the strong concentrating mechanism of the kidney. 669 
Equally important are the image analysis tools for quantifying microscopic structures and for 670 
possible translation to routine clinical imaging. The imaging tools and the information presented 671 
here can play a role in accurate longitudinal imaging and can allow for evaluation of therapeutic 672 
agents for kidney disease. 673 
 674 
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Figure captions 1077 
 1078 
Fig. 1. MRI from a 52-week old rat kidney specimen. A: Central coronal slice. B: Inset showing 1079 
arterioles, glomeruli, and tubules in the cortex. C: Inset showing tubules in the outer medulla. D: 1080 
Inset showing tubules in the inner medulla. Scale bars=1 mm.  1081 
 1082 
Fig. 2. Computing the quantitative susceptibility mapping (QSM) image from the complex data. 1083 
The phase is first unwrapped to create a smooth phase map, which is followed by a background 1084 
phase removal to produce a local field map. The field map is inverted to compute the QSM 1085 
image. An enhanced QSM image can be produced from a multiecho dataset. Similarly, an 1086 
enhanced magnitude image can be produced. CO=cortex, OM=outer medulla, and IM=inner 1087 
medulla. 1088 
 1089 
Fig. 3. Comparison of magnitude MRI, quantitative susceptibility mapping (QSM), and 1090 
Masson’s Trichrome histology in the mouse kidney cortex. Top row: Wild type. Bottom row: 1091 
angiotensin receptor deficient (Agtr1a-/- Agtr1b-/-). A, D: Histology images. B, E: T2*-weighted 1092 
(magnitude) images. C, F: QSM images. White arrows indicate wrinkled glomeruli clusters in D-1093 
F. The magnitude image shows susceptibility artifacts on the borders of the cluster, which is 1094 
removed in the QSM image. Yellow arrows indicate focal regions of cortical interstitial 1095 
inflammation and fibrosis (A, C, D and F). Scale bars=300 μm. Color bar: ppm of B0. 1096 
 1097 
Fig. 4. Diffusion tensor imaging (DTI) and susceptibility tensor imaging (STI) of a kidney 1098 
specimen. First row (from the top): Datasets used to calculate the tensor images. DTI is based on 1099 



multiple diffusion gradient directions. STI is based on the field map from multiple B0 directions. 1100 
Second row: The 6 independent tensor elements. Third row: Grayscale and color-coded 1101 
anisotropy maps computed from eigenvalue decomposition. Fourth row: Tractography created 1102 
from connecting pixels based on principal eigenvectors. Yellow arrows indicate regions where 1103 
STI shows higher anisotropy and additional tracks. CO=cortex, OM=outer medulla, and 1104 
IM=inner medulla. Eigenvector axis: red is anteroposterior (AP), green is dorsoventral (DV), and 1105 
blue is mediolateral (ML) based on animal anatomical directions. Scale bars=1 mm. 1106 
 1107 
Fig. 5. Comparison of diffusion tensor imaging (DTI) and susceptibility tensor imaging (STI) in 1108 
normal (top row) and ischemic reperfused kidneys (bottom row). Columns left to right for DTI: 1109 
mean diffusivity (MD), fractional anisotropy (FA), and tractography. Columns left to right for 1110 
STI: mean susceptibility (MS), and susceptibility index (SI), and tractography. Green arrow 1111 
points to critical area in inner medulla. CO=cortex, OM=outer medulla, and IM=inner medulla. 1112 
AP=anteroposterior, DV=dorsoventral, and ML=mediolateral based on animal anatomical 1113 
directions. Scale bar=1 mm. 1114 
 1115 
Fig. 6. Cationized ferritin (CF) labeled images of focal and segmental renal disease. Top panel 1116 
shows a hypertensive human kidney and bottom panel shows rat kidneys from focal and 1117 
segmental glomerulosclerosis (FSGS). A: MRI reveals cortical regions lacking CF-labeled 1118 
glomeruli. B: Histology shows healthy glomeruli and arterioles from CF-labeled regions. C: 1119 
Histology reveals mild to severe sclerosis of glomeruli and arterioles from cortical regions that 1120 
lacked CF labeling. Scale bars=400 μm. Bottom panel: MRI and immunofluorescence of CF 1121 



distribution in rats during development of FSGS induced by puromycin aminonucleoside. Images 1122 
are reproduced with permission from (4, 10).  1123 
 1124 
Fig. 7. In-vivo nephron MRI. A: Single-nephron detection using a wireless amplifier circuit 1125 
implanted on the kidney surface. The locally enhanced sensitivity allows individual glomeruli to 1126 
be identified after intravenous injection of cationic ferritin (10, 81, 82). In A, T1-weighted and 1127 
T2*-weighted images were acquired natively, after Gd injection, and then after CF injection. The 1128 
T1-weighted images were used to segment tubules (cyan) and T2*-weighted images were used to 1129 
segment glomeruli (red). Left B: Control image of a rat kidney without contrast injection. Right 1130 
B: Intravenous injection of CF enhances the kidney glomeruli, spleen, and liver. Left C: Control 1131 
image of another rat kidney without contrast agent. Right C: CF labeling shows enhancement of 1132 
kidney and spleen. Scale bars=500 μm. Images are reproduced with permission from (10, 81, 1133 
82).  1134 
 1135 
Fig. 8. Magnitude and QSM images at 5 select time points through the dynamic contrast 1136 
enhancement (390 time points over 50 minutes). A: Magnitude images with corresponding time 1137 
intensity curve (A.U.=arbitrary units). B: QSM images with corresponding plot. Inset shows 1138 
coronal, axial, and sagittal views (left to right) of the kidney at the peak enhancement time of 2.6 1139 
minutes. Arrows in images point to critical kidney region. Arrows in plots point to crucial time 1140 
point. CO=cortex, OM=outer medulla, and IM=inner medulla. Color bars=–0.3 to 0.6 ppm or –1141 
1.2 to 3.0 mM. Scale bar=1 mm. 1142 
 1143 



Fig. 9. Glomeruli segmentation from 2D and 3D images. Top row shows the glomeruli with 1144 
initial segmentation (a) and final identification (b). The purple regions are glomeruli candidates 1145 
and candidate centroids marked as green circles and ground truth centroids marked as yellow 1146 
crosses. Bottom row shows glomerular segmentation for 3D MR images of a rat kidney (A-B) 1147 
and a human kidney (C-D). Segmented glomeruli are labeled with red crosses. Circles show the 1148 
error of missed detection while the rectangles show the error of false positive detection. Images 1149 
are reproduced with permission (123, 124).  1150 
 1151 
Fig. 10. Visualization of nephron and glomeruli from a human kidney specimen. Nephrons are 1152 
tracks using the structure tensor from the magnitude MR image. Glomeruli are segmented from 1153 
the localized cationic ferritin molecules in the glomerular membranes. White arrows point to 1154 
glomeruli, which are shown as white spherical renderings (1% are visible) and as black dots in 1155 
the MR image. Black arrows point to nephron tubules in the tractography and in the MR image. 1156 
ML=mediolateral, AP=anteroposterior, and SI=superoinferior according to human anatomical 1157 
directions. Scale bar=1 cm. 1158 
 1159 
Fig. 11. Method for computing frequency tensor imaging (FTI). A: Multiecho enhanced field 1160 
map. Inset shows structure tensor major eigenvectors (cyan) from the enhanced field map. B: 1161 
Concept diagram of structure tensor vector projections for FTI. Red vectors are selected based on 1162 
distance from seed point and angle from target vector. These vectors are projected onto the 1163 
direction of the green target vector. Similarly, blue vectors are projected towards the orange 1164 
target vector. CO=cortex, OM=outer medulla, and IM=inner medulla. 1165 
 1166 



Fig. 12. Comparison of tractography in the renal outer medulla. The structure tensor tracks are 1167 
computed from the multiecho enhanced field map. These tracks are used as reference. Tracks 1168 
from frequency tensor imaging (FTI) at the ends of the outer medulla point correctly towards the 1169 
anteroposterior direction (red arrows). Susceptibility tensor imaging (STI) and FTI tracks at the 1170 
center of the medulla point correctly towards the mediolateral direction (blue arrows). 1171 
ML=mediolateral, DV=dorsoventral, and AP=anteroposterior based on animal anatomical 1172 
directions. 1173 
 1174 
 1175 
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Tables 1177 
 1178 
Table 1. Susceptibility values in kidneys from wild type, Agtr1a-/-, and Agtr1a-/- Agtr1b-/- mice. 1179 

 χ (10-2 ppm) 

 Cortex Outer medulla Inner medulla Pelvis 

Wild type (n=4) 1.46 ± 0.36 2.14 ± 0.94 2.10 ± 2.80 39.62 ± 3.86 

(relative to pelvis) -38.16 ± 0.36 -37.48 ± 0.94 -37.52 ± 2.80 0 ± 3.86 

Agtr1a-/- (n=4) -2.20 ± 0.68* -6.21 ± 1.56* -5.17 ± 3.67* 38.88 ± 2.64- 

(relative to pelvis) -41.08 ± 0.68* -45.09 ± 1.56* -44.05 ± 3.67* 0 ± 2.64- 

Agtr1a-/- Agtr1b-/- (n=6) -7.68 ± 4.22*,* -11.46 ± 2.13*,* -7.57 ± 5.58*,- 40.50 ± 2.27-,- 

(relative to pelvis) -48.18 ± 4.22*,* -51.96 ± 2.13*,* -48.07 ± 5.58*,- 0 ± 2.27-,- 

Measurements: μ ± σ. *Significance between wild type and Agtr1a-/- (p<0.05). –No significance 

between wild type and Agtr1a-/- (p>0.05). *,*Significance between wild type and Agtr1a-/- Agtr1b-

/-, and Agtr1a-/- and Agtr1a-/- Agtr1b-/- (p<0.05). *,-Significance between wild type and Agtr1a-/- 

Agtr1b-/- (p<0.05) and no significance between Agtr1a-/- and Agtr1a-/- Agtr1b-/- (p>0.05). -,-No 

significance (p>0.05, p>0.05). 

 1180 
Table 2. Anisotropy measurements with diffusion tensor imaging (DTI) and susceptibility tensor 1181 
imaging (STI) of normal and ischemic reperfused kidneys. Diffusion anisotropy is measured 1182 
with fractional anisotropy (FA) and susceptibility anisotropy is measured with susceptibility 1183 
index (SI). Anisotropy difference is measured as the absolute difference between ischemic 1184 
reperfused and normal kidneys. 1185 

  Cortex Outer medulla Inner medulla 



DTI FA 

Normal (n=6) 0.11 ± 0.01 0.16  ± 0.01 0.28  ± 0.01 

Ischemia 

reperfusion (n=6) 
0.12 ± 0.01 0.14 ± 0.02 0.22 ± 0.02 

Difference 0.01 ± 0.01 0.02 ± 0.01 0.06 ± 0.02 

STI SI 

Normal (n=6) 0.19 ± 0.03 0.28 ± 0.02 0.37 ± 0.02 

Ischemia 

reperfusion (n=6) 
0.13 ± 0.03 0.24 ± 0.04 0.23 ± 0.05 

Difference 0.06 ± 0.03 0.04 ± 0.03 0.13 ± 0.04 

 1186 
 1187 
Table 3. Measurements and concentrating indices in mice (n=5) at 6 age points (3-17 weeks). 1188 
Body mass, dose, cardiac output, renal artery concentration (via modeling arterial input 1189 
function), peak concentration in inner medulla (via imaging measurement), and concentrating 1190 
index (ratio).  1191 

 3 weeks 5 weeks 7 weeks 9 weeks 13 weeks 17 weeks 

Body mass 

(g) 
10.3 ± 1.0 15.5 ± 1.7 17.3 ± 1.3 19.0 ± 1.9 21.1 ± 2.1 22.3 ± 2.2 

Dose (nmol) 310 ± 29 460 ± 52 520 ± 40 570 ± 58 630 ± 63 670 ± 67 

Cardiac 

output 

(ml/min) 

4.5 ± 0.4 6.7 ± 0.8 7.5 ± 0.6 8.3 ± 0.8 9.2 ± 0.9 9.7 ± 1.0 

Renal artery 

conc. (mM)* 
0.64 0.64 0.64 0.64 0.64 0.64 

Inner medulla 

conc. (mM) 
5.6 ± 2.8 3.2 ± 1.8 3.7 ± 1.0 3.5 ± 1.1 2.6 ± 1.7 2.4 ± 1.1 



Concentrating 

index 
8.8 ± 4.3 5.1 ± 2.8 5.8 ± 1.5 5.5 ± 1.7 4.1 ± 2.6 3.8 ± 1.7 

*Based on modeling the first pass of the arterial input function with a gamma variate function  

Inner medulla concentration vs. age:  y=–0.18x+5.1, R2=0.19, p=0.17 

Concentrating index vs. age:  y=–0.28x+7.9, R2=0.19, p=0.17 
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