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Abstract

Chronic kidney disease (CKD) is a common, deadly, and expensive threat to public health. Patients 

susceptible to the development of CKD are difficult to identify, as there are few noninvasive 

clinical techniques and markers to assess early kidney dysfunction. Noninvasive imaging 

techniques are being developed to quantitatively measure renal morphology and function, both in 

preclinical research and in clinical trials. Magnetic resonance imaging (MRI) techniques in 

particular have the potential to provide both structural and functional information in the kidney. 

Novel molecular imaging techniques, using targeted magnetic nanoparticles that exploit the 

characteristics of the endogenous protein, ferritin, have been developed in conjunction with MRI 

to count every perfused glomerulus in the kidney and measure their individual volumes. This 

technique could open the door to the possibility of prospectively assessing and eventually reducing 

a patient’s risk for progression to CKD. This review highlights the potential clinical benefits of 

early detection in patients predisposed to CKD and discusses technologic and regulatory hurdles to 

the translation of these molecular MRI techniques to provide early diagnosis of CKD.
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Overview of Chronic Kidney Disease

Chronic kidney disease (CKD) is a progressive, expensive public health epidemic 1 affecting 

26 million American adults 2. Although most clinicians recognize the increased morbidity 

and mortality associated with CKD, they have little ability to identify patients at risk for 

CKD who will late progress, predict an individual’s time course to end stage renal disease 

(ESRD), or halt the progression of CKD after diagnosis. CKD is defined by the presence of 

kidney damage and decreased kidney function 3, resulting from too few nephrons to 

maintain a patient’s necessary fluid, electrolyte and hormonal balance. Several human 

studies link clinical evidence of CKD and hypertension with lower nephron number 4–89, but 

current technology is limited to only post mortem assessment of nephron number 1011. The 

only clinically available assessments of nephron number and kidney function are from a 

gross or macroscopic level using surrogates such as renal ultrasound or glomerular filtration 

rate (GFR). Despite estimates of several morphological and functional parameters 12 and a 

clinical trial underway in Japan combining renal biopsy and imaging techniques 13, there is 

currently no way to measure absolute nephron number or individual nephron function in 

living individuals. This review focuses on the clinical relevance of newly developed MRI 

contrast agents to measure kidney morphology and function at the micro-scale, in the whole 

kidney. This review will also discuss the current barriers to the translation of this technology 

from the laboratory to the clinic, where patients would benefit from the early detection of 

CKD.

Nephron development, demise and adaptation

Human nephrogenesis ends at 36 weeks gestation 14, meaning a human’s final nephron 

number is determined at the time of birth for most individuals. Although nephron number is 

fixed at birth, it is highly variable within the population (from 210,000 to 2.7 million 

nephrons per kidney 15). The prenatal cessation of nephrogenesis in humans is in contrast to 

other animals that can either continue nephrogenesis postnatally, like rodents 16, or for the 

duration of their life, like many fish 17. In humans, nephron loss naturally occurs over time 
18. Adults aged 18–70 years have 4500 fewer total nephrons each year on average 19 and as a 

result of this natural nephron loss, both CKD and ESRD are prevalent in the elderly 20.

Besides the natural loss of nephrons with age, there are many risk factors that may cause a 

more rapid loss of nephrons and lead to CKD. Diabetes, hypertension, autoimmune disease, 

urinary tract infections, family history of CKD, recovery from acute kidney injury (AKI), 

exposure to nephrotoxic drugs, low birth weight, and exposure to certain chemicals and 

environment conditions are some of the clinical and sociodemographic factors associated 

with susceptibility to and initiation of CKD 3. Although nephrons do not have the ability to 

regenerate 16, they can adapt to an absolute lower number. Glomerular hypertrophy can 

occur to compensate for a reduction of nephrons 21. Glomerular hypertrophy is initially an 

adaptive response to continue the same amount of total renal work while utilizing fewer 

nephrons. Over time this response results in a maladaptive cyclical process, whereby 

glomerular hypertrophy and hyperfiltration result in glomerular sclerosis and death and 

further hyperfiltration 22–25

Charlton et al. Page 2

Adv Chronic Kidney Dis. Author manuscript; available in PMC 2018 August 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Challenges related to the clinical measurement of nephron number and 

function

The best clinical marker for kidney function is GFR, which is a combined metric of the total 

number of nephrons across both kidneys and their filtration rates. GFR declines when either 

nephron number or the single nephron filtration rate is reduced. Currently, the only way to 

clinically assess nephron number is through surrogates or by manual enumeration after the 

death of the patient. Renal volume, most often obtained by a renal ultrasound, has been 

utilized as a surrogate for nephron number as renal weight correlates with nephron number 
19,26. Unfortunately, there are other variables such as glomerular and tubular hypertrophy, a 

patient’s size, and interobserver variability that may obscure the relationship, making renal 

volume an inconsistent surrogate for nephron number.

GFR is used clinically to stage the severity of CKD in patients. The stages of CKD are 

utilized for the development of practice guidelines, measurement of clinical performance, 

assessment of drug toxicities and outcomes in clinical trials. The stages of CKD are not 

based on nephron number and the cut offs between stages have been determined arbitrarily. 

GFR as an endpoint in clinical studies is limited by the fact that substantial GFR reductions 

are only realized late in the stages of CKD 27. Current clinical tools do not allow for the 

correlation between CKD stage and nephron number, nor the ability to predict the time 

course for an individual patient’s CKD progression. A method to detect glomerular loss in 

the early stages of CKD is imperative to reducing the morbidity and mortality associated 

with CKD.

MRI and CKD

Recent work has focused on developing noninvasive diagnostic tools to detect chronic 

diseases, such as CKD, at an early stage. Medical imaging technologies, such as magnetic 

resonance imaging (MRI) and positron emission tomography/single photon emission 

computed tomography (PET/SPECT), have begun to enable early diagnostics in patients 

susceptible to chronic disease. The development of imaging biomarkers often involves the 

rational design and implementation of nanometer-scale materials that can “report” on the 

local environment through the imaging technique, allowing for individual nephron 

assessments instead of whole organ assessments. While many of these nano-technological 

imaging tools are in a preclinical stage of development, they have the potential to make a 

long-term impact on clinical diagnosis.

There are several available noninvasive anatomical imaging techniques to measure basic 

physiological parameters in the kidney. Many of these techniques are readily translated to 

the clinic, and are being developed as surrogate markers for traditional clinical 

measurements such as bulk glomerular filtration rate and proteinuria. Other measurements 

are fairly new, such as the detection of pH through MRI spectroscopy and the measurement 

of local renal perfusion using both contrast-enhanced and anatomical or functional magnetic 

resonance imaging. Several groups have developed sophisticated techniques to directly 

measure blood flow though ultrasound techniques and MR arterial spin labeling, helping to 

better define hyper- or hypo-perfused areas of the kidney and detect hypertrophy. Blood 
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oxygen level dependent MRI (BOLD-MRI), an imaging technique that exploits the magnetic 

differences between oxy- and deoxyhemoglobin 28 has been used since the early 1990’s to 

assess oxygen utilization in the brain as a surrogate for brain function. BOLD-MRI has been 

adapted in the kidney 29 and has proven quite effective in detecting renal ischemia 30 but has 

been shown to be insensitive to renal function in patients with CKD 31. Diffusion-weighted 

MRI has also shown promise in assessing renal health, with recent studies suggesting a 

positive correlation between apparent diffusion coefficient (ADC) and GFR 32,33. The 

mechanisms of ADC variations in the kidney are a topic of great interest.

Efforts have also been made to measure kidney perfusion directly. Dynamic contrast 

enhanced MRI (DCE-MRI) has proven to be a powerful tool in the measurement of single 

kidney GFR. DCE-MRI is based on the dynamic renal uptake and clearance of gadolinium 

(Gd)-based contrast agents 34–36. The utility of DCE-MRI is enormous; unfortunately the 

involvement of Gd-based contrast agents in the development of nephrogenic systemic 

fibrosis (NSF) in patients with reduced renal function 37,38 renders this technique an unlikely 

candidate for assessing renal function in potential CKD patients. Arterial spin labeling 

(ASL) MRI is an imaging technique to measure perfusion without administration of contrast 

agent 39. ASL presents a promising direction for non-invasive imaging of renal perfusion. 

These MRI techniques to estimate renal function have been thoroughly reviewed by Zhang, 

et al. 40.

While MRI has been used to evaluate renal function, true surrogate imaging markers of 

glomerular number and function are still absent. Each of these advanced MRI techniques 

presented above requires some form of mathematical modeling to estimate physiologically 

relevant parameters. Gross kidney morphology has been aided immensely by the 

development of MRI-based volumetric analysis, which can be used to measure changes in 

organ size associated with disease. However, an imaging technique that specifically detects 

nephrons would prove to be a robust, unambiguous clinical tool.

Glomerulus-specific, MRI-detectable nanoparticles

Recently, an MRI-based technique has been developed to quantitatively assess kidney 

glomerular morphology based on the systemic injection of targeted (cationic), 

superparamagnetic nanoparticles and subsequent 3D imaging. The MRI-visible 

nanoparticles used to detect changes in kidney microstructure are based on a cationized 

version of the iron storage protein ferritin. Ferritin is a highly conserved 24-mer protein 

expressed in some form in mammalian and non-mammalian cells designed to protect cells 

from oxidant injury caused by iron. Because of ferritin’s ability to oxidize and incorporate 

iron in a crystalline form, as shown in the transmission electron micrographs of Figure 1a, 

endogenous, or native, ferritin is superparamagnetic. Superparamagnetic nanoparticles such 

as ferritin create a local perturbation in an applied magnetic field, which in turn reduces the 

transverse relaxation times (t2 and t2*) of nearby proton populations. This reduction in 

transverse relaxation time creates a local darkening in a typical MRI image. When 

administered as a targeted MRI contrast agent, the accumulation of ferritin at a target site 

can be detected with T2- and T2
*-weighted MRI, each glomerulus is detectable as a black 

“dot”.
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The effect of intravenous injection of cationized ferritin (CF) on T2
*-weighted gradient echo 

MR images is illustrated in the images of Figure 1b–c. Cationized ferritin (with an 

isoelectric point ~9) reversibly binds to anionic proteoglycans in the glomerular basement 

membrane (GBM). Once bound, the ferritin nanoparticles accumulate transiently in the 

lamina rara externa. The hypointense punctate spots in the MRI images, taken ex vivo in 

~50-μm resolution in 3D, are individual labeled glomeruli. The contrast between the CF-

labeled glomeruli and the surrounding cortex is adjustable by the parameters of MRI 

acquisition (e.g. resolution, echo time, etc), the dosage of CF, and the “strength” of the effect 

that the ferritin nanoparticle has on the MRI signal, described by its relaxivity. While 

cationization represents a relatively simple surface functionalization of the ferritin 

nanoparticle, the use of CF and similar molecules has the potential to enable a wide range of 

studies that were previously impossible in the kidney 41–46.

The MRI relaxivity of a magnetic nanoparticle is determined by the magnetic moments of 

the component atoms, coupling between electrons in the nanoparticle crystal core, and the 

interaction between the magnetic moments of the nanoparticle crystal and the surrounding 

water protons. It is the surrounding water molecules that are often directly imaged with 

MRI, making the effects of the MRI contrast agent indirect. Improving the sensitivity of 

MRI contrast agents is a major goal of ongoing research. While there are many completely 

noninvasive MRI techniques that give insight into parenchymal structure and function in the 

kidney, the benefit of targeted contrast agents is a high level of target specificity and the 

potential to increase sensitivity to the target molecule.

Molecular MRI for glomerular structure

Labeling and imaging of glomeruli with CF and MRI has been used to develop whole-

kidney maps of glomerular number and an estimate of the distribution of the volume of 

glomeruli 42,47. This preclinical application of CF has opened the door to rapid longitudinal 

studies of rodent models of human disease and the potential to clinically detect many 

structural abnormalities on the pathway to CKD (Figure 2). These techniques rely on 

advanced image processing techniques to locally segment and quantitatively measure 

changes in contrast. Accuracy is a concern with image-based processing. Specifically, the 

boundary between the glomerulus and the surrounding kidney cortex is typically defined by 

a local threshold, which can vary depending on the difference in MRI signal magnitude 

between the structures. This signal magnitude is strongly affected by the presence of local 

magnetic field inhomogeneities created by variations in the applied radiofrequency field and 

also by magnetic susceptibility differences between tissues. These measurements are also 

confounded by the dark susceptibility artifact created by the CF. While these confounding 

artifacts likely represent systematic factors that can be corrected, the development of 

professional software represents an area where research/energy can focused. This effort 

parallels the work that has been done to establish histology-based renal morphology.

Molecular MRI for glomerular function

The dynamic uptake of CF may provide insight into kidney macromolecular filtration. After 

intravenous injection, the blood half-life of CF is short (~45 minutes) compared to that of 
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un-functionalized ferritin. This is likely due to rapid binding to the extracellular matrix of 

several organs, including the liver, kidney, and spleen 48. CF is generally cleared from the 

kidney after 2 days and from the liver after 7 days, though the mechanisms of clearance have 

yet to be investigated. Dynamic contrast enhancement has become important for 

investigating the macromolecular extravasation from the vasculature, vascular 

microstructure, and parenchymal transport. Similarly, dynamic uptake of CF after injection 

in vivo or in isolated perfused organs may give new insight into the relationship between 

glomerular and tubule structure and function within the kidney.

One of the most important potential uses of CF is in tracking structural changes with the 

development of chronic kidney disease. At the surface many of these alterations will present 

as either an increase in glomerular permeability and increased traversal of CF through the 

GBM and into the tubule. In reality, these changes may be followed by a decrease in CF 

labeling in the glomerulus due to sclerosis, as observed in a puromycin model of focal and 

segmental glomerular sclerosis in rats 49. Similar to what is expected in many of the 

morphological changes associated with CKD (Figure 2), focal leakage was observed even in 

early-stage FSGS, as shown in Figure 3. This indicates the possibility that many 

morphological changes with CKD can also be detected during monitoring. Furthermore, 

moderate leakage of CF through the GBM has been observed in healthy animals, raising the 

possibility that the ratio of glomerular to tubular labeling of CF may be a marker for GBM 

function 46.

It is important to consider whether MRI with CF will eventually be capable of distinguishing 

the types of histological changes shown in Figure 2. Currently only a reduced nephron 

number can be determined using contrast enhanced MRI, both by complete enumeration of 

the glomeruli in the kidney and by increased glomerular volume. The atubular glomeruli 

continue to maintain their blood supply and could be mistaken for intact glomeruli. The 

tubular flow of CF can potentially differentiate the glomeruli that are connected from those 

that are not. FSGS is the most subtle and hardest to resolve clearly on MRI of structural 

lesions, but for clinical purposes even a concept of how many glomeruli are affected is 

helpful in this disease. It is also possible to filter the 3D MR images based on CF label 

density, and on shape of the accumulation. This type of feature analysis may become crucial 

to distinguishing the various types of pathologies common to CKD.

The presence of proteinuria, especially in severe cases as shown in Figure 3c, can confound 

glomerular counts and volume measurements. This may prove to be a limitation in severe 

cases of CKD. One possible approach around this problem may be the use of dynamic 

studies, where the diffusion of CF into the kidney (through the glomerulus) is measured. If 

the dynamics of CF uptake can be established through dynamic MRI acquisition, it may be 

possible to distinguish between glomerular labeling and proteinuria. Furthermore, the 

presence of focal proteinuria, rather than the more severe global case, should only affect 

local measurements and may allow for quantification of glomerular permeability. Studies to 

this effect are ongoing.
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In vivo visualization of CF

The uptake and binding of CF to the GBM has been observed in vivo. However, there 

remain several important technical challenges to making in vivo detection of CF practical in 

animal models and eventually in humans. First, the relaxivity of CF formed from native 

horse spleen ferritin is relatively low. This low relaxivity requires the delivery of a larger 

amount in vivo. For example, in the 2008 demonstration of in vivo CF detection 41, the 

delivered in vivo dose was ~50% higher than required for ex vivo detection in perfused 

kidneys. A second problem is that the baseline T2
* shortening from blood, conferred mainly 

by high concentrations of paramagnetic oxyhemoglobin, reduces the detectable 

concentrations of the CF. To overcome this, the ferritin nanoparticle can be chemically 

modified to have an increased payload or to have a higher relaxivity 50–53. Image acquisition 

time is another current limitation to sensitive in vivo detection of CF labeling in the 

glomeruli. Because the scan acquisition time is linked to image resolution in MRI, in vivo 
studies are still unable to detect individual glomeruli in the entire organ. However, several 

notable studies have overcome this barrier in images of rats through the use of implantable 

resonators that locally amplify the MRI signal and make it possible to detect CF uptake in 

individual glomeruli in real time 45.

There are several technical challenges to imaging in live patients, including limits to image 

acquisition time and the presence of patient motion. In principle, while precise glomerular 

measurements are important, it may be possible to acquire lower-resolution images in vivo 

and estimate uptake over a larger voxel volume. This approach can reduce image acquisition 

time (by an order of magnitude) for typical clinical signal-to-noise ratio. Motion artifacts 

can be reduced through patient placement and through respiratory gating. We have used 

these gating techniques to acquire images in the rat kidney in vivo with ~200 micron 

resolution (Figure 3d–e) and detect CF uptake in both healthy and sclerotic kidneys 41. Thus, 

the technical challenges to glomerular morphology do not appear insurmountable for future 

clinical use, though the end result may be an estimate of glomerular number or volume 

rather than a precise count.

Potential Toxicity of CF

Toxicity is a major concern for injected MRI contrast agents. There has been a great deal of 

effort in understanding the effects of environmental and therapeutic exposure to 

nanoparticles, and these efforts will continue to develop with the maturation of 

nanotechnology. The recent observation of NSF in some patients due to injected gadolinium 

chelates underscores the importance in fully understanding the action, distribution, and 

toxicity of injected agents, particularly of those targeted to the kidney 37. While diagnostic 

drugs, such as nanoparticle contrast agents, are a relatively recent invention, the potential 

clinical impact of these drugs has driven a strong interest in systematic toxicology in these 

agents 54,55. “Natural” contrast agents, such as ferritin, based on biological molecules, may 

have advantages in toxicity as compared to fully synthetic agents, because natural contrast 

agents may be more immunologically inert. Furthermore, it is possible to create these agents 

from recombinant versions of the protein that are specific to the species being imaged. 

While studies are ongoing, ferritin has been proposed to have limited toxicity in MRI-
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detectable doses. For example, rats given systemic injections of CF in MRI-detectable (~50 

mg/kg over several hours) showed no acute or chronic increase in liver (AST, ALT) or 

kidney function (BUN, creatinine) or peripheral white blood cells 48. While studies of CF 

toxicity are still preliminary, an earlier study of a potential immune response in rabbits given 

intravenous CF from horse spleen necessitates caution 56. Apart from these functional and 

immune tests, further studies, including ones to look at oxidant injury, are ongoing. In 

addition, future work will focus on the possibility of the development of a local immune 

response in the kidney at these doses, and recombinant ferritin specific to the species being 

imaged may prove useful to reduce any adverse immune response.

The reduction in detectable CF concentrations through increased ferritin relaxivity is likely 

to allow detection in lower doses 51,53,57,58.

Clinically applicability

The ability to noninvasively determine nephron number and function in a living individual 

could revolutionize how clinicians diagnosis and manage patients with and at risk for CKD. 

A few examples of situations where a noninvasive, safe, and repeatable method to determine 

nephron number and function could improve clinical care include (1) the early detection of 

patients at risk for CKD, (2) an objective assessment of renal health in both kidney 

transplant recipients and donors, and (3) shorter term endpoints for the testing of renal 

toxicity in new drug development.

In translation to humans, we must factor in the likely morphological changes with CKD as 

compared to the more gross changes detected in preclinical models. In most cases the 

glomerular labeling by CF can be distinguished from less intense labeling of the tubules 59. 

This can be used to map both the distribution of the glomeruli and the tubules in 3D. While 

we have shown severe cases of proteinuria, such as in the FSGS model of Figure 3, result in 

gross differences in CF uptake, it is important to distinguish the more subtle changes likely 

in humans. The technique of image processing to distinguish normal glomerular and tubule 

labeling intensity can be used to track these subtle changes with disease progression.

Acute kidney injury is an assortment of diseases that can directly affect the glomerulus 

(acute glomerulonephritis), the tubules (acute tubular necrosis), and the vasculature 

(hemolytic uremic syndrome). In diseases that affect the glomerulus and vasculature, the 

only way to determine if an individual glomeruli can recover or not is to repeat the imaging 

study. These studies in AKI have the potential to shed a great deal of light on the progression 

of AKI to CKD.

There are several technical hurdles associated with the development of targeted MRI-visible 

nanoparticles to measure kidney morphology in the clinic. Sensitivity is a concern with all 

MRI contrast agents, and the development of contrast agents of higher relaxivity must also 

be accompanied by better MRI hardware development, particularly in translating these 

techniques to in vivo imaging. Some progress has been made in developing novel 

radiofrequency coils, for example, that may enable highly sensitive detection in some 

circumstances in vivo 45.
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Early detection

CKD affects 26 million adults, and the ESRD program in the US was $32.9 billion in 20102. 

Even in the population of nondialysis patients, the cost of healthcare for patients with CKD 

is double those of a patient without CKD 60. In addition to higher healthcare costs, 

significant morbidity occurs in patients diagnosed with CKD. Cardiovascular disease is the 

most common cause of death in patients on dialysis. Death due to cardiac etiology is 100 

time greater in young patients requiring dialysis than in the general population 61. Even at 

the earliest stages of CKD, risk of cardiovascular disease is increased 62. Similar to diseases 

such as diabetes or hypertension, an objective definition for “pre-CKD” could be clinically 

useful to identify individuals at risk of developing CKD.

There are many risk factors for the development of CKD, but the wide range for normal 

nephron number and the variable genetic susceptibility of renal disease in humans make it 

difficult to determine without further knowledge of the connections between these factors, 

which at risk patients will progress to CKD and ESRD. Patients with a solitary kidney or a 

unilateral disease such as ureteropelvic junction obstruction are at risk for progressive CKD 

and ESRD 63, but it is nearly impossible to determine which patients do not have enough 

nephrons in the remaining or healthy kidney to avoid CKD. An imaging technique like the 

CF-based MRI technique reviewed in this manuscript would allow, for the first time, an 

assessment of the viability of the remaining kidney in these patients. Additionally, the 

assessment of all glomeruli provided by this technique could aid in the diagnosis and 

categorization of diseases such as focal segmental glomerulosclerosis where biopsy 

information is limited by sample size 64.

With nephron endowment determined at birth, children with chronic medical issues are 

another group that could benefit from early detection of CKD. Today, more than 90% of 

children born with a chronic health condition are expected to live for an average of 20 years 
65. Children born with complex congenital heart disease, sickle cell anemia, cystic fibrosis 

and other childhood diseases, who have suffered from years of kidney insults, are now able 

to transition their medical care to adult practitioners. Another group of “survivors” includes 

premature and low birth weight infants. In response to improved neonatal medical 

management, 90% of infants <1500 grams survive 66. Unfortunately, there is little known 

about the long term effects on kidney health for these infants forced to develop a majority of 

their nephrons while exposed to nephrotoxins, hemodynamic alterations, and infections, all 

of which are routine exposures in a neonatal intensive care unit67.With nephron number 

determination being fixed at birth, the risk for CKD may be unrecognized in these 

populations, underscoring the potential impact for an individualized diagnostic technique for 

early CKD.

Renal transplant

Inevitably, patients with progressive CKD will require renal replacement and in most, a 

kidney transplant is the ultimate goal. As the age of patients needing a kidney transplant and 

individuals wishing to donate a kidney increases, an improved method for matching kidney 

between recipients and donors is necessary. Currently, the deceased donor registry provides 
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children requiring a kidney transplant a priority to kidneys from younger donors. This 

imprecise pairing has occurred to match the number of nephrons in a donor kidney to the 

recipient’s potential lifespan. MRI technology to assess nephron endowment within a kidney 

could provide a more accurate way to pair donors and recipients. Additionally, it could 

provide an objective means to expand the pool of potential donors, protect living donors 

from a future personal risk of CKD, and monitor kidney health over time in recipients.

Regulatory issues

The FDA has struggled with objective, meaningful endpoints to evaluate medications 

designed to halt the progression of CKD. Currently, studies utilizing endpoints such as a 

50% decline in GFR have to be very long to assess the beneficial effects of drugs 27. These 

limitations also factor into the enormous cost of nephrotoxicity screening required during 

pre-clinical and clinical trials of all novel drugs. A repeatable imaging technique that detects 

the early stages of CKD might reduce the time and cost required to evaluate the efficacy of 

CKD therapeutics and the nephrotoxicity of all drugs bound for the market.

Regulatory hurdles are a major concern for the development of all drugs, either therapeutic 

or diagnostic. There are several federally funded mechanisms for the translation of 

therapeutic drugs, but fewer mechanisms to support clinical translation of diagnostic drugs. 

One charge to researchers working to establish increased funding and infrastructure for 

diagnostic drugs is to articulate how these drugs serve a major public health benefit. Another 

charge is to clearly identify the toxicology of proposed diagnostic drugs and to collaborate to 

avoid any impact to patients using them in the early stages of clinical trials. In nanoparticles 

such as CF, there is the potential for the early recognition of risks associated with low 

nephron number, including the risk of development of cardiovascular and chronic kidney 

disease. Early patient education and lifestyle management based on this information may 

lead to improved prognosis and reduced need for therapy later in life. Furthermore, the 

abundance of novel preclinical contrast agents and the dearth of clinically approved 

diagnostic drugs highlights the importance of a sustained effort to develop public-private 

partnerships and partnerships between scientists and clinicians to identify a clear pathway to 

clinical translation for these drugs.

Conclusion

Novel molecular MRI techniques have been used in preclinical studies to quantitatively 

detect renal morphology. The extracted parameters could lead to early detection of total 

numbers of kidney glomeruli, glomerular and nephron function, and glomerular volume 

distribution in the clinic, which could potentially enable early assessment of patient risk for 

CKD. While the technical and regulatory challenges to translating magnetic nanoparticles 

and MRI protocols to the clinic are daunting, the potential benefits to patient of early 

detection of CKD are significant.
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Abbreviations

AKI acute kidney injury

ADC apparent diffusion coefficient

ASL arterial spin labeling

BOLD-MRI blood oxygen level dependent MRI

CF cationized ferritin

CKD chronic kidney disease

DCE MRI dynamic contrast MRI

ESRD end stage renal disease

FSGS focal segmental glomerulosclerosis

Gd gadolinium

GBM glomerular basement membrane

GFR glomerular filtration rate

MRI magnetic resonance image

NSF nephrogenic systemic fibrosis

PET/SPECTpositron emission tomography/single photon emission computed 

tomography
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Figure 1. 
Cationic ferritin nanoparticles as intravenous MRI contrast agents. a) Individual ferritin 

molecules observed in transmission electron microscopy, showing the magnetic ferritin 

nanoparticle core (Scale bar- 50 nm). Image courtesy of V. Clavijo Jordan. b–c) 

Intravenously injected cationized ferritin accumulates in the glomerular basement 

membrane, allowing detection with MRI. b) Excised, perfused rat kidney (with no injected 

cationized ferritin) in 3D gradient-recalled echo MRI, showing gross kidney structure. c) 

Perfused, excised rat kidney after intravenous injection of cationized ferritin in 3D MRI (~50 

μm voxel resolution) with individual glomeruli visible. b–c reprinted with permission from 

MI Gateway (Vol. 5, No. 3). Copyright 2011, Society of Nuclear Medicine and Molecular 

Imaging.
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Figure 2. 
Structural changes in CKD that have the potential to be detected by CF enhanced MRI 

technology (diagrams adapted from J. Charles Jennette, MD, www.unckidneycenter.org and 

micrographs donated by Michael Forbes from Dr. Robert Chevalier’s laboratory). A-Normal 

structure of a nephron with an intact glomerulotubular junction. B-Atubular glomeruli have 

been detected in a variety of human diseases and animal models of these diseases. The 

tubule on the right is closing, as it progresses to a complete disconnection between the 

glomerulus and tubule. It is felt that glomerulotubular disconnection is an underappreciated 

mechanism in the progression of chronic kidney disease 68,69. C-FSGS is human renal 

disease with various lesions that each portends a different clinical course. But due the small 

sample size obtained on a renal biopsy it is not possible to determine how many glomeruli 

are sclerotic in a living individual. D–A reduction of nephron number can occur from a 

congenital etiology or after any renal injury. Although the glomerular structure is normal, an 

initial and adaptive sign of a nephron reduction is with glomerular hypertrophy. Individual 

glomerular volume can be determined utilizing CF enhanced MRI.

Charlton et al. Page 16

Adv Chronic Kidney Dis. Author manuscript; available in PMC 2018 August 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Detection of glomerular injury in puromycin-induced focal segmental glomerulosclerosis 

(FSGS) by GRE MRI with cationized ferritin (CF). The accumulation of CF showed a clear 

spotted distribution in glomeruli from normal kidney (a), the spots were surrounded by areas 

of signal hypointensity but still visible in cortex of kidney from early FSGS (b) at 13 days 

after PAN injection, and then cortical signal was darkened without visible spots in kidneys 

of late FSGS (c) 13 weeks after PAN administration in an ex vivo study. A similar image 

was seen in kidney from early FSGS rat after CF injection (e) compared with NF 

administration (d) in vivo. Reproduced with permission from 49, John Wiley and Sons, 

Magn. Reson Med 60:564–574 (2008).
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