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Abstract

The major roles of filtration, metabolism, and high blood flow make the kidney highly vulnerable

to drug-induced toxicity and other renal injuries. A method to follow kidney function is essential

for early screening of toxicity and malformations. In this study, we acquired high spatiotemporal

resolution (4D) datasets of normal mice to follow changes in kidney structure and function during

development. The data were acquired with dynamic contrast-enhanced MRI (via keyhole imaging)

and a cryogenic surface coil, allowing us to obtain a full 3D image (125-micron isotropic

resolution) every 7.7 seconds over a 50-minute scan. This time course permitted demonstration of

both contrast enhancement and clearance. Functional changes were measured over a 17-week

course (at 3, 5, 7, 9, 13, and 17 weeks). The time dimension of the MRI dataset was processed to

produce unique image contrasts for segmenting the 4 regions of the kidney: cortex (CO), outer

stripe (OS) of the outer medulla (OM), inner stripe (IS) of the OM, and inner medulla (IM). Local

volumes, time-to-peak (TTP) values, and decay constants (DC) were measured in each renal

region. These metrics increased significantly with age, with the exception of DC values in the IS

and OS. These data will serve as a foundation for studies of normal renal physiology and future

studies of renal diseases that require early detection and intervention.
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Introduction

The kidney’s major role in filtration depends on its high blood flow, concentrating and

transport systems, and biochemical activation. These essential features make the kidney

highly vulnerable to drug-induced nephrotoxicity and other renal injuries (1-3). A method to

follow the dynamic changes in kidney structure and function would be a major advance for

noninvasive screening of toxicity and malformations. The normal developmental stages

(juvenile to mature adult) provide an important baseline for calibrating functional changes

necessary for early detection of renal pathologies (4). However, few tools are available for

longitudinal study of kidney structure and function at high resolution.

Diagnostic medical imaging is important for the assessment and management guidance of

renal diseases (5-8). Imaging modalities used include ultrasound, x-ray/CT, PET, and MRI,

each having its unique attributes and strengths (9,10). Many renal diseases have been

studied: polycystic kidney disease by ultrasound (11,12), vascular diseases by CT (13,14),

renal cancer by PET (15,16), glomerulosclerosis and age-related nephropathy by MRI

(17-20), and inflammation, fibrosis, and toxicity by MRI (21-24). Traditional molecular and

urinary biomarkers have been used extensively to assess renal pathophysiology (25-27).

Unfortunately, these global metrics are not sensitive and often detect injury too late, when

diseases have progressed far beyond intervention (3,6,28,29). Imaging, on the other hand,

can monitor and quantitatively assess the onset and progression of renal diseases (6).

However, imaging studies have seldom focused on the crucial stage of kidney development

when drug-induced toxicity can have the greatest effects. Of the imaging tools that are

available, few have been able to study in detail both the structure and function of the entire

kidney.

We propose that MRI, with sufficient coverage, contrast, and temporal resolution, can be

particularly sensitive in assessing diseases or toxic processes. To calibrate the sensitivity of

the method, we acquired high spatiotemporal resolution datasets of the mouse kidney during

crucial stages of development. The data were acquired with a cryogenic surface coil and a

dynamic contrast-enhanced (DCE) MRI sequence, providing full 3D coverage at

microscopic resolution (1253 μm3) every 7.7 seconds over a 50-minute scan. This time

course allowed demonstration of both inflow and removal of the contrast agent. Structural

and functional changes were measured in the kidney over a 17-week course (at 3, 5, 7, 9, 13,

and 17 weeks). Specific measurements included local volumes, time-to-peak (TTP) values,

and decay constants (DC) in each renal region: cortex (CO), outer stripe (OS) of the outer

medulla (OM), inner stripe (IS) of the OM, and inner medulla (IM). To the best of our

knowledge, this work demonstrates the first study of the normal development of the mouse

kidney using high-resolution MRI.

Methods

Biological support

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

to the NIH Guide for the Care and Use of Laboratory Animals.
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C57BL/6 mice (n=5, Charles River Laboratories, Wilmington, MA) were imaged

longitudinally over a 17-week course (3, 5, 7, 9, 13, 17 weeks). Animals were provided with

free access to water before imaging studies. While imaging, the animals were anesthetized

under isoflurane and were breathing freely. Three-dimensional printing (Stratasys

Dimension, Eden Prairie, MN) was used to make custom parts for the nose cone and for

proper positioning of the animal inside the cryogenic surface coil, which was designed for

brain imaging.

Gadolinium-based contrast agent (gadofosveset trisodium, Lantheus Medical Imaging,

Billerica, MA) was injected as a bolus via tail vein catheter with a dose of 0.03 mmol/kg

(similar to clinical dose) and at a rate of approximately 0.35mL/min. Contrast was injected

using an automatic syringe pump (KD Scientific, Holliston, MA).

Magnetic resonance imaging (MRI)

MR imaging was performed on a 7 T, 20-cm bore magnet (Bruker BioSpec 70/20 USR,

Billerica, MA) interfaced to an Avance III system. The scanner has actively shielded

gradients (440 mT/m amplitude) with integrated shims up to 2nd order. A high-sensitivity

cryogenic RF coil was used for transmission and reception (Bruker CryoProbe). Due to the

small size of the cryoprobe, only one kidney (left kidney, n=5) was imaged and analyzed for

all animals.

A custom interleaved radial sequence (center out 3D ultrashort echo time [UTE]) was

implemented on Bruker ParaVision 5.1 to allow for keyhole imaging. Thirteen uniform-

interleaved subvolumes of Fourier space were sampled (total views=40222, polar

undersampling=2, TR=2.5 ms, TE=20 μs, FA=10°, BW=100kHz). Images were

reconstructed by sharing the projections from the unique subvolumes via a sliding window

approach, a technique known as radial keyhole imaging (30). This yielded a 3D image (1603

voxels, 125 μm resolution, i.e., voxels of 1.95 nL) every 7.7 sec over a 50-min time course

(390 time points) 10th f contrast enhancement and clearance. Contrast agent was injected on

the 10th 3D image (77 sec). This point is considered time 0 for subsequent calculations.

This study yielded 160×160×160×390 pixels per scan (6.4 GB) for 5 mice over 17 weeks of

development (192 GB). A pre-contrast and a post-contrast image were acquired

(160×160×160×104, 1.7 GB each), which were averaged in the time dimension to create

enhanced anatomical images. Altogether, a 294 GB dataset was acquired.

Image processing

A bias field correction was applied to reduce inhomogeneities of the B1 field from the

cryogenic surface coil. This bias field was calculated from the additional post-contrast 3D

image. The nonparametric non-uniform intensity normalization algorithm (N4ITK, (31))

was used for the correction. The convergence threshold was set at 0.00004 for both the 1st-

level (original resolution, up to 500 iterations) and 2nd-level (half the resolution, up to 500

iterations). The entire 4D dataset is corrected by dividing the image at each time point by the

bias field (a scalar 3D image).
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The 4D datasets were also registered to reduce motion artifacts. This was implemented by

registering each 3D image to a common reference image, which was the additional post-

contrast 3D image. Images were registered using FSL (FMRIB Software Library, http://

www.fmrib.ox.ac.uk/fsl) using correlation ratio, affine transform, hanning sinc interpolation,

and a search range of −60 to 60 in all three axes. Typical changes due to registration were:

0.2° for rotation, 150 μm (≈1 pixel) for translation, 0.3% for scale, and 0.3% for skew.

Analysis

Functional maps were determined from the time intensity curves of the DCE datasets. The

functional images include a time-to-peak (TTP) map and a decay constant (DC) map. The

workflow from an example DCE dataset is shown in Fig. 1. For each pixel in the DCE

dataset, the time intensity curve is separated into two parts: 1) the wash-in (transient) phase

up to the peak intensity, and 2) the wash-out (tissue) phase after the peak intensity. The

transient phase is used to calculate the TTP, or time of injection to peak enhancement. The

tissue phase (from time of peak intensity to last time point) is first smoothed using Savitzky-

Golay filter (32) with a span of about 7% or 25 time points (calculated in MATLAB,

MathWorks, Natick, MA). The filtered data (black lines in intensity curve of Fig. 1) is then

used to calculate the DC by fitting a single-term exponential function (Eq. 1). The pixel-

wise analysis yielded a 3D TTP and a 3D DC map.

(1)

where y is the signal intensity, A is the amplitude, t is the time, and c is the decay constant.

A small decrease in signal from the tissue phase curve was found in certain areas of the

inner medulla (time intensity curve in Fig. 1). This effect was small and occurred in a short

period during the time series.

The 4D dataset was also used to produce 3 image contrasts including a temporal sum

intensity projection (tSIP), a temporal variance intensity projection (tVIP), and a temporal

maximum intensity projection (tMIP). The tSIP, tVIP, and tMIP were determined by

computing the sum, variance, and maximum, respectively, at every voxel along the tiem

dimension. The tMIP was used to segment the kidney from the background tissue and other

organs (via thresholding at 14%). Manual segmentation was used to segment the kidney

when thresholding did not work. The inner medulla (IM) was segmented from the tSIP

image using seeded region growing inside the IM. Region growing has been demonstrated to

segment structures in the kidney (19,24). Lastly, the inner stripe (IS) of the outer medulla

(OM) and outer stripe (OS) of the OM were manually segmented from the tVIP image. The

cortex (CO) was determined by subtracting the IM, IS, and OS from the kidney region.

These image contrasts demonstrated high contrast of the respective renal regions for

segmentation. Manual segmentation and volume rendering were implemented in Avizo

(Visualization Sciences Group, Burlington, MA).

The segmented regions were then used to determine region volumes and regionspecific

functional metrics. ROI measurements (~100 pixels) were taken in order to avoid areas of

artifacts in the functional maps. Artifact areas in DC maps may have been due to signal

decreases in the tissue phase curve. The measurements determined in this study included: 1)
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volumes of the IM, IS, OS, CO, and kidney; 2) TTP in the IM, IS, OS, and CO; 3) DC in the

IM, IS, OS, and CO; and 4) animal body weights all throughout development at 3, 5, 7, 9,

13, and 17 weeks. Structural changes (region volume and body weight) were fitted to a

polynomial function of 2nd order (33). Functional changes (TTP and DC) were fitted to a

linear function (1st order polynomial). Error estimates (standard deviation of the error) of the

functions were determined at the 95% confidence interval for predicting a future

observation. The goodness of fit of the functions was evaluated using an adjusted R2:

(2)

where SS is the sum of squares, n is the number of observations, and d is the degree of the

polynomial (d=1 or d=2 in this study). The f-statistic was determined for each fitted

function. One-way ANOVA (analysis of variance) was performed to determine whether the

structural and functional measurements changed with age. A significance level of 0.05 or

lower (p-value) was used to reject the null hypothesis that the samples from the

measurements are drawn from populations with the same mean.

Lastly, the arterial input function was measured in the aorta to determine any significant

changes with age. The relative signal change (34,35) was used to measure the arterial input

function (Eq. 3).

(3)

where ΔS is the relative change in signal intensity as a function of time t, S is the signal

intensity through the DCE scan, and S(0) is the signal intensity determined from the

additional pre-contrast anatomical image.

Histology

Regions identified in MRI were validated with conventional histology of representative

kidneys from 17-week old mice (study termination age). Kidneys were sliced in the coronal

plane, stored in 10% formalin, embedded in paraffin, and sectioned at 5-μm thickness.

Sections were stained with Hematoxylin and Eosin (H&E). Slides were digitally scanned

using brightfield contrast on an Axioskop 2 FS microscope (Carl Zeiss Microscopy,

Thornwood, NY). Images were acquired at 1.02 μm using a 10× objective and tiling was

required to cover the entire kidney section. Correction was applied to remove the shading

effects and non-uniformities in the tiled images. MR images were manually registered

(translation, rotation, and scaling) to histology images to enable comparison and

confirmation of region segmentation. The identified regions in MRI and histology were

confirmed by a renal physiologist (M.A.K.) and a board-certified veterinary pathologist

(B.R.B.).

Results

The overview of the datasets for this study is shown in Fig. 2. The first row shows the

developmental progression of the kidney (3 to 17 weeks). The second row shows the time

series in the DCE dataset (7.7 sec to 50 min). The third row shows the volume image
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acquired at each time point. Representative slices are shown from the 3D image

(160×160×160 voxels).

Image contrasts

Three image contrasts were determined from the time dimension of the DCE dataset (Fig.

3). The tSIP showed the best delineation between the IM and the remaining kidney tissue

(Fig. 3A). The tVIP displayed excellent contrast between the OM (IS and OS) and the

remaining kidney regions (Fig. 3B). The boundary between the IS and OS is also visible in

the tVIP image. An additional layer (bright band) in the most lateral part of the IM can also

be seen in the tVIP image (Fig. 3B). This additional layer is not visible in the tSIP image or

tMIP image. The tMIP showed the best delineation between the entire kidney and the

background tissue (Fig. 3C). The renal regions (CO, OS, IS, IM) were confirmed with

histology (Fig. 3D and 3E). The tVIP image is used as the example MRI in Fig. 3D. The

identified regions correspond with that of the tSIP and tMIP images.

Structure and function

The structure and function of the kidney are determined from the segmented regions and the

functional maps (Fig. 4). The renal regions (CO, OS, IS, IM) were segmented from the

respective image contrasts (tSIP, tVIP, and tMIP). The kidney layers are overlaid on a tVIP

image (Fig. 4A) and shown as volume renderings (Fig. 4B). The TTP map is shown in Fig.

4C. The DC map is shown in Fig. 4D. The TTP values (in seconds) increased sequentially

from the CO to OS to IS to IM. The DC values (in minutes) were not sequential compared to

TTP values. The shortest DC values (fastest decay) are found in the IS and OS regions. The

longest DC values (slowest decay) are found in the IM. Intermediate DC values can be seen

in the CO.

Kidney development

The structural and functional changes of the kidney with age (3, 5, 7, 9, 13, and 17 weeks)

are shown in log plots in Fig. 5. Region volumes of the kidney, CO, OS, IS, and IM are

shown in Fig. 5A and 5B. The animal body weight was measured (Fig. 5C). The TTP values

of the CO, OS, IS, and IM are shown in Fig. 5D. The DC values are shown in Fig. 5E. All

measurements increased with age. The volume of the regions increased from the IM to IS to

OS to CO. The total volume of the kidney is the summation of all 4 regions. The TTP values

also increased sequentially from the IM to IS to OS to CO. However, the DC values were

not sequential. The lowest DC values (fastest decay) were found in the IS or OS depending

on the age, followed by the CO and then the IM (slowest decay).

The developmental structural changes were modeled by a 2nd-order polynomial function.

The developmental functional changes were modeled with a linear function. The bands

surrounding the fitted functions show the 95% confidence intervals (Fig. 5). The fitted

functions, adjusted residuals, and f-statistics are included in tables: region volumes (Table

1), TTP (Table 2), and DC (Table 3). The polynomial function determined for the animal

body weight was: y=−7.17x2+223x+416 (y=10−2 g, x=age in weeks, R2
adjusted=0.964, f-

statistic= 67.0). The lowest residual values were found in the DC fitted functions of the IS

( R2
adjusted =0.741) and OS ( R2

adjusted =0.815). In general, the f-statistics were largest when
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a linear function was used to fit functional measurements (TTP and DC) and the f-statistics

were largest when a polynomial function was used to fit structural measurements (region

volume and body weight).

ANOVA tests were performed to determine whether measurements changed significantly

with age. All region volumes (IM, IS, OS, CO, kidney) changed significantly with age (p

values << 0.01). Animal body weight changed significantly with age (p<<0.01). All region

TTP values changed significantly with age (p<0.01). DC values of the IM and CO changed

significantly with age (p<0.01). However, DC values of the IS (p=0.11) and the OS (p=0.39)

did not change significantly with age. ANOVA tables and boxplots of an example renal

region are included in Supplemental Tables and Figures (see Supporting Information).

Since the dynamics of enhancement and clearance depend on the arterial input function, we

measured the relative signal intensity change in the aorta of all mice across the 17 weeks of

development. We did not find an appreciable difference in the arterial input function as a

function of age.

Discussion

In this study, we were able to assess the kidney during the early stages of development (17-

week course). We evaluated the structure of the kidney at high resolution (125-μm isotropic)

and determined the kidney’s function with high temporal resolution (7.7 sec). The unique

contrast mechanisms of MRI and image processing in the time dimension (tSIP, tVIP, and

tMIP) allowed us to segment four layers of the kidney in 3D (CO, OS, IS, and IM).

Measurements were determined throughout development and demonstrated that this crucial

stage was indeed a very sensitive age span for large changes in structure and function. This

was determined by ANOVA tests where kidney measurements changed significantly from

week 3 to week 17, with the exception of DC values in the IS and OS.

One particular image contrast, the tVIP, created an additional layer in the IM that was not

visible in the histology image. This layer had the brightest intensity because it had the

highest variance along the time dimension. The high variance suggests a unique

functionality of this kidney area that is quite different from the structure identified in

histology. The finding was consistent in tVIP images across animals and across age. One

possible explanation is the smaller interstitial space compared to the rest of the IM and the

smaller amount of hyaluronan in this area compared to the papilla, i.e., the deepest part of

IM (36). This allows the contrast agent to move quickly in and out of the region and thus

have a large signal intensity variation with time.

Structural and functional changes with age

Renal region volumes increased monotonically with age, following a 2nd-order polynomial

function. TTP and DC values increased monotonically with age, following a linear function.

The biggest region was the CO, followed by the OS, IS, and IM. The rate of growth was

fastest in the CO but slowest in the IS, which was the second smallest region throughout

development. The rate of growth was similar in the IM, IS, and OS compared to the CO. The

growth rate of the kidney (summation of all regions) was similar to the growth rate of the
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animal body, considering the volume ratio of the kidney to the body. The peak enhancement

was fastest (smallest TTP) in the CO, followed by the OS, IS, and IM (biggest TTP) at all

ages. This is expected considering the sequential function of the kidney starting with

filtration in the CO and eventual excretion in the IM and renal papilla. The TTP values

increased with age in all kidney regions, demonstrating a slower regional enhancement with

age. The clearance of contrast agent was fastest (smallest DC) in the IS and OS with

significant overlap throughout development. The intermediate DC values were measured in

the CO and the slowest clearance (biggest DC) was found in the IM. The slowest clearance

in the IM can be expected, since the IM is the last to enhance and the last to clear the entire

contrast agent passing through the kidney. All clearance rates (DC values) in renal regions

increased with age, which demonstrate a slower removal of contrast agent. The increase of

TTP and DC with age suggest longer enhancement times, longer clearance times, and

potentially declining renal function. The decrease of renal function can be related to general

renal aging pattern, a decrease in glomerular filtration rate, a decrease in tubular function,

and a loss of urine-concentrating ability (37,38).

DC values in the IS and OS did not change significantly with age. These same regions (IS

and OS) were the slowest in volumetric growth rate with age (based on the polynomial

function). The IS and OS also have the 2nd and 3rd fastest increase of TTP values with age.

The IS and OS have the fastest clearance rates based on DC values. The DC value did not

increase or decrease sequentially from the CO to OS to IS to IM, which was distinctly

different from the sequential pattern in region volumes or TTP values. The IS and OS were

the most distinct layers for both structure and function.

There are several reasons that can explain the fast clearance rates (small DC values) in the

IS and OS. One must first consider the time scales. During the wash-in phase, TTP values

were less than 2 min in all renal regions. During this time span, the fast dynamics can be

related to simple filtration and secretion (39). During the wash-out phase, DC values ranged

from 40 to 180 min. These dynamics are much slower and are related to many more

processes. The second consideration is the size of the contrast agent. The contrast agent

(Gadofosveset trisodium) has a small size of 957 Da or < 1 nm (40,41) and can go through

filtration, secretion, and extravasation. Filtration occurs via glomeruli in the cortex, secretion

occurs via proximal tubules, and extravasation occurs via vasa recta in the medulla. The

ascending vasa recta are highly fenestrated (42) allowing the contrast agent to escape the

vascular lumen and enter the medullary interstitium. Unlike the OM (IS and OS)

interstitium, the IM interstitium is filled with glycosaminoglycan, hyaluronan, and other

polymers (43). The contrast agent can interact or be hindered by these molecules in the IM

and be cleared the slowest compared to the IS and OS. The IM interstitial space is also much

greater volumetrically than the OM (36). This results in a greater residence time, which

would further slow down the removal of the contrast agent in the IM (bigger DC value). The

absence of interacting molecules and the smaller interstitial space in the OM (IS and OS)

allowed for fast clearance rates in this region.
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Study comparison

Kidney function has been measured with DCE-MRI previously. Baumann et al. (44)

demonstrated similar sequential TTP increasing from the CO to OM to IM in a rat kidney.

DCE-MR images were acquired at a resolution of 400×400×1200 μm3 (192 nL) every 6 sec.

A wide variety of contrast agents have been used to study renal function with MRI, e.g., Gd-

DOTA, Gadofosveset trisodium, and Gd-dendrimers (45). Gadofosveset trisodium has one

of the highest relaxivities (46) and has been used to study renal function with DCE-MRI in

pigs (47) and rats (48). In the later study, the time intensity curves (wash-out phase) were

fitted with an exponential function to compare DC values for a normal kidney and a disease

model. Images were acquired at 313×625×2000 μm3 (391 nL) every 20 sec. Significant

advances have been made for DCE-MRI in imaging of tumor models. the highest isotropic

resolution DCE-MRI was achieved at 156×156×156 μm3 One of (3.81 nL) every 9.9 sec

(30). One of the fastest DCE-MRI, while maintaining good spatial resolution, was achieved

at 391×391×2000 μm3 (305 nL) every 1.5 sec (49). To the best of our knowledge, few

studies, if any, have been able to distinguish the IS and OS volumetrically, assess renal

function in all four regions, and achieve isotropic resolution of 125 μm (1.95 nL) every 7.7

sec.

Kidney function has been assessed with traditional biomarkers. One such biomarker is

glomerular filtration rate (GFR) using EDTA, serum creatinine, or inulin (50,51). GFR has

been used to follow functional changes with age. Hackbarth et al. (38) showed a decline in

renal function (decreasing GFR) with age in C57BL/6 mice. Here, the measured GFR was

1.61, 1.39, 1.12, and 0.94 mL/min/180g body weight at 9.6, 29, 66, and 101 weeks, albeit at

a period later than the present study. Very few, if any, studies have assessed the kidney

during early development (3 to 17 weeks). GFR, however, is not a perfect metric and can be

inaccurate for chronic and acute renal diseases (6,28). MRI, on the other hand, can

determine renal function in local areas, evaluate renal structure, and measure MR-based

GFR with the right tools and techniques (52).

Technical considerations

One of the limitations of the present study arises from the use of the cryogenic surface coil.

The non-uniform excitation (B1) makes it difficult to calibrate T1 changes required to map

gadolinium concentrations. Accurate concentrations are necessary for kinetic modeling, rate

constants, and MR-based GFR. The major benefit of the cryoprobe is a much higher SNR

allowing us to obtain very high spatiotemporal resolutions. We exploited the high

spatiotemporal resolution to determine regional TTP and DC values, which do not require

measurements of concentration. Even with a 7.7-sec sampling time, the temporal resolution

is marginal, especially during wash-in (transient) phase of contrast enhancement in the CO.

TTP values, which were determined from the transient phase, increased from 13.5 sec (week

3) to 21.7 sec (week 17) in the CO during development. These values are very close to

multiples of our 7.7-sec sampling period and the limited sampling during this rapidly

changing inflow limits the precision of these measurements. Spatial resolution is equally

important in determining local TTP values; temporal resolution is only in part related to the

accuracy of DCE-MRI quantification (53). Every experiment involves a trade off between

time (temporal resolution or acquisition time), spatial resolution, coverage, and SNR. The
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multidimensional nature of this study forces a number of tradeoffs. The shortest TTP

encountered in this study is ~14 sec in the CO at 3 weeks. The longest TTP (~110 sec) is

seen in the IM at 17 weeks. And the decay constant in the IM at 17 weeks is nearly 11000

sec (180 min). So while there is limited sampling for the most rapidly changing physiology,

the protocol spans an enormous range of temporal change.

Lastly, additional work is needed to understand the effects of undersampling and keyhole

reconstruction of DCE-MRI for the kidney. Namely, is it valid to share views of k-space

with 13 keys while maintaining the image fidelity of kidney structure and function, or can

more keys be shared? For instance, increasing the number of keys can increase the temporal

resolution; however, more k-space periphery is shared from other views. Keyhole imaging

can be implemented with a variation of k-space cutoff frequencies via filtering strategies

(54). Together, the number of keys and filtering strategies can affect temporal resolution,

spatial resolution, and sampling artifacts (30).

Conclusion

The data acquired here provides a comprehensive assessment of the normal development in

the mouse kidney at 6 age points, 390 dynamic time points, and 160×160×160 spatial points.

The high spatiotemporal resolution 4D images will be especially important for comparing

nephrotoxicity models and disease models with heterogeneous abnormalities, such as

chronic kidney disease and polycystic kidney disease. These diseases require early detection

and intervention before the kidney becomes fully developed and damages become

irreversible. The structural and functional measurements can also be used for studies of

normal renal physiology.

Representative 3D datasets and Supporting Information are available via CIVMSpace, our

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

www.civm.duhs.duke.edu/lx201403).

Acknowledgments

The authors wish to thank the following individuals at Duke University: Patrick McGuire and Nikhil Bumb for 3D
printing assistance at the Mechanical Engineering and Materials Science department; Dr. Laurence W. Hedlund for
assistance with animal use protocols; Dr. John C. Nouls for assistance for MRI; Dr. Zackary I. Cleveland for
scientific discussions; and Sally Zimney for editorial assistance. The authors also thank Brian R. Berridge
(GlaxoSmithKline) for histological insight.

Sponsors

This work was supported by the NIH/NIBIB national Biomedical Technology Resource Center (P41 EB015897 to
G.A.J.).

List of abbreviations

ANOVA Analysis of variance

CO Cortex

DC Decay contrast

Xie et al. Page 10

NMR Biomed. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

http://www.civm.duhs.duke.edu/lx201403
http://www.civm.duhs.duke.edu/lx201403


DCE Dynamic contrast enhancement

GFR Glomerular filtration rate

IM Inner medulla

IS Inner stripe

OM Outer medulla

OS Outer stripe

tMIP Temporal maximum intensity projection

tSIP Temporal sum intensity projection

TTP Time-to-peak

tVIP Temporal variance intensity projection

UTE Ultrashort echo time
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Figure 1.
Example DCE dataset shown at a 7 time points (out of 390) in an axial view. Time intensity

curves shown for 4 renal regions: cortex (CO), outer stripe (OS), inner stripe (IS), and inner

medulla (IM). Filtered intensity curves (black line) are shown for the wash-out (tissue)

phase. The time-to-peak is determined from the wash-in (transient) phase and the decay

constant is determined from the wash-out (tissue) phase. Scale bar = 1 mm.
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Figure 2.
Overview of the data. First row: Animals (n=5) were imaged over 17 weeks of development

(at 3, 5, 7, 9, 13, and 17 weeks). Second row: Representative time points from the DCE

dataset (390 time points) at one age. Third row: Representative slices from the DCE dataset

at one time point. Scale bars = 1 mm. The mouse head is towards the top of the image.
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Figure 3.
Three image contrasts produced from the DCE dataset. A: Temporal sum intensity

projection (tSIP). B: Temporal variance intensity projection (tVIP). C: Temporal maximum

intensity projection (tMIP). Aligned tVIP image (D) with H&E histology image (E).

Labeled regions include cortex (CO), outer stripe (OS) of the outer medulla (OM), inner

stripe (IS) of the outer medulla (OM), and inner medulla (IM). Cyan brackets indicate the

OS. Scale bars = 1 mm.
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Figure 4.
Segmented renal structures and functional maps. Segmented regions overlaid on a tVIP MRI

(A) and volume rendering of regions (B). Regions shown in A and B: cortex (CO, blue),

outer stripe (OS, green), inner stripe (IS, red), and inner medulla (IM, yellow). C: Time-to-

peak (TTP) map. D: Decay constant (DC) map. Scale bar = 1 mm.
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Figure 5.
Plots showing kidney development with age. Measured regions: kidney (KI), cortex (CO),

outer stripe (OS), inner stripe (IS), and inner medulla (IM). A-B: Region volumes. C:

Animal body weight. D: Time-to-peak values. E: Decay constants. measurements (region

volume and body weight) are fitted with a 2nd-order polynomial function (black line in A-

C). Functional measurements (TTP and DC) are fitted to a linear function (black line in D-

E). The gray band shows the 95% confidence interval.
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Table 1

Polynomial fit of 2nd order of age (weeks) to region volume (mm3).

Polynomial function (mm3, 10−2) Adjusted residuals f-statistic

Inner medulla −1.63x2 + 58.7x + 243 0.994 402

Inner stripe −0.99x2 + 48.7x + 383 0.997 960

Outer stripe −1.42x2 + 59.4x + 803 0.992 327

Cortex −62.6x2 + 1810x + 1850 0.971 83.7

Kidney −65.9x2 + 1940x + 3480 0.976 103
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Table 2

Linear fit of age (weeks) to region time-to-peaks (sec).

Linear function (sec, 10−2) Adjusted residuals f-statistic

Inner medulla 220x + 7700 0.994 775

Inner stripe 144x + 4180 0.976 205

Outer stripe 138x + 1960 0.942 82.9

Cortex 63.0x + 1160 0.961 126
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Table 3

Linear fit of age (weeks) to region decay constant (min).

Linear function (min, 10−2) Adjusted residuals f-statistic

Inner medulla 452x + 10700 0.904 48.1

Inner stripe 49.8x + 4170 0.741 15.3

Outer stripe 44.8x + 4350 0.815 23.1

Cortex 67.5x + 4960 0.849 29.2
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