
Rethinking CKD Evaluation: Should We Be Quantifying Basal or 
Stimulated GFR to Maximize Precision and Sensitivity?

Bruce A. Molitoris, M.D.
1Division of Nephrology, Department of Medicine, Indiana University School of Medicine, Indiana 
Center for Biological Microscopy, Rouderbush VA, Indianapolis, Indiana

Abstract

Chronic kidney disease (CKD) remains an increasing clinical problem. Although clinical risk 

factors and biomarkers for development and progression of CKD have been identified, there is no 

commercial surveillance technology to definitively diagnose and quantify the severity and 

progressive loss of glomerular filtration rate (GFR) in CKD. This has limited the study of potential 

therapies to late stages of CKD when FDA-registerable events are more likely. Since patient 

outcomes, including the rate of CKD progression, correlate with disease severity, and effective 

therapy may require early intervention, being able to diagnose and stratify patients by their level of 

decreased kidney function early on is key for translational progress. In addition, renal reserve, 

defined as the increase in GFR following stimulation, may improve the quantification of GFR 

based solely on basal levels. Various groups are developing and characterizing optical 

measurement techniques utilizing new minimally invasive or non-invasive approaches for 

quantifying basal and stimulated kidney function. This development has the potential to allow 

widespread individualization of therapy at an earlier disease stage. Therefore, the purposes of this 

review are to suggest why quantifying stimulated GFR, by activating renal reserve, may be 

advantageous in patients and review fluorescent technologies to deliver patient-specific GFR.
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The Clinical Problem

Chronic kidney disease (CKD) remains an untreatable and progressive disease process 

affecting up to 10% of the US population and its prevalence is increasing.1 The growth has 

primarily been in patients with CKD stage 3 (glomerular filtration rate [GFR], 30–59 

ml/min/1.73m2) and stage 4 (GFR, 15–29 ml/min/1.73m2). Using estimated GFR (eGFR) 

definitions in population studies, patients classified as having CKD have an increased risk of 

cardiovascular events, progression, dialysis, and death.2 This important clinical information, 

including the overall rate of CKD, has been challenged on the individual patient level 

because the estimating equations have wide dispersion (±30% around the mean with 10% 

outliers), and thus may under- or overestimate kidney function in a large number of 

patients.3

Of major clinical importance is the advancement of therapeutic options to prevent and or 

minimize progression and the long-term consequences of CKD. Agents effective against 

many different plausible preclinical therapeutic targets have been developed and advanced 

into clinical trials for CKD. Unfortunately, these clinical trials have not been successful and 

what was once seen as an attractive large unmet need by pharmaceutical and biotech 

companies is now being viewed with skepticism. Why the failure to translate highly effective 

preclinical therapies into effective clinical trials? This has often been attributed to 

inappropriate preclinical models4–6, and, in response, new more appropriate models are 

being developed. The multifocal pathophysiologic nature of CKD and the lack of human 

tissue to interrogate and compare to animal models at structural and molecular levels, as is 

being successfully accomplished in glomerular diseases7 and transplantation, are also 

barriers to success. Therefore, individualization of therapy in CKD is not presently possible 

and likely won’t be in the near term.

However, we must ask if we have developed the clinical techniques and approaches to 

quantify progression and the response to therapy. Since a reduction in GFR is the most 

appropriate parameter of progression and therapeutic success, only when we are able to 

achieve this will we be able to classify biomarkers of early and progressive disease and 

quantify US Food and Drug Administration (FDA) GFR therapeutic registration end points 

in clinical trials.

Understanding and Quantifiying GFR as a Measure of Kidney Function

Serum Creatinine as a Surrogate Marker of GFR

Glomerular filtration rate, which measures the quantity of plasma filtered through glomeruli 

within a particular period, is a physiologic process and as such a direct indicator of global 

kidney function. It became the cornerstone of nephrology beginning with Homer Smith and 

in the distant past was actively measured in clinical studies.8 Recent reviews have identified 

chromium 51 (51Cr)–EDTA, iothalamate, or iohexol as reasonably accurate methods for 

measuring GFR, if inulin clearance is not possible, and have delineated some of their 

limitations.9–11 Unfortunately, these techniques and the adaptations that followed remain 

cumbersome and expensive and require a prolonged time for sample processing, and thus are 

not clinically practical. Therefore, physicians base diagnostic and therapeutic decisions in 
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millions of patients daily primarily using a surrogate marker of GFR, the patient’s serum 

creatinine (Scr) concentration.12–14

The advantages and limitations of Scr as a marker in CKD have been recently reviewed by 

Levey et.al.15 While it is well known that reductions in the GFR secondary to chronic kidney 

injury are accompanied by increases in Scr, the insensitivity of this surrogate marker as an 

estimate of GFR, especially in GFRs above 60 ml/min/1.73 m2, is often 

underappreciated.16–18 One of the reasons for this is illustrated in Figure 1A, a plot of 

measured GFR (mGFR) versus Scr. The graph is divided into insensitive, sensitive, and 

highly sensitive regions for Scr as an estimate of GFR, based on the slope of the curve. In 

higher GFR regions it takes a very large change in GFR to result in even a small quantifiable 

change in Scr. To illustrate this point, consider what a change of 0.3 mg/dl of Scr means for 

an individual patient, calculated using the CKD-EPI (CKD Epidemiology Collaboration) 

creatinine equation for eGFR for the ideal 60-year-old white man and woman as is shown in 

Figure 1B. I use 0.3 mg/dl as most would consider this a significant change in Scr. One can 

see the amount of GFR loss at several levels of initial Scr for this change. In the insensitive 

region of the GFR-Scr curve (Scr, 0.8 mg/dL) a change of 0.3 represents a loss of over 33 

ml/min/1.73 m2 of baseline GFR for the woman and 24 mL/min/1.73 m2 for the man. In the 

sensitive portion of the curve (Scr, 2.0 mg/dl) an increase of 0.3 Scr represents a loss of 4 

and 5 ml/min/1.73 m2, respectively, whereas in the highly sensitive portion (Scr, 4.0 mg/dL) 

it represents a 1.0–ml/min/1.73 m2 change in GFR. Therefore, one can see why Scr or eGFR 

provides variable sensitivity as a measure of GFR change over the GFR spectrum. 

Functionally this may explain the increased incidence of acute kidney injury in CKD 

patients, because the amount of GFR lost can be more readily quantified when the slope of 

the Scr-GFR relationship is steeper. Is this in part why CKD patients are more prone to acute 

kidney injury? I think so.

The discrepancy between what a linear increase in Scr means at different starting levels of 

Scr brings up another important point, especially when one considers that therapeutic trials 

in CKD are undertaken in patients with moderate to advanced CKD. Clinical trialists have 

shifted the study population to those having a large change in Scr for a small change in GFR 

to enhance their ability to detect the signal. Thus, patients with CKD stage 3b or 4 are 

studied rather than patients starting with a more normal GFR, who would have to have a far 

greater loss of GFR the loss in kidney function to be detectable due to the insensitivity of 

Scr. Can we trust Scr or eGFR to deliver on this end point in CKD patients with mild 

reductions in GFR or adequate renal reserve? Can we trust the therapeutic agent will be 

effective in late-stage CKD given the fibrosis, endothelial and tubular epithelial changes that 

have already occurred?

Other factors limit the utility of Scr in patients with CKD, and these limitations have been 

reviewed.15,19 Therefore, formulas derived from large population studies have been created 

to account for patient weight, age, sex and race. However, these formulas face challenges 

when applied to the individual patient20–25 even in situations where Scr is stable. In a recent 

review it was stated that “In usual practice, an eGFR equation is defined as having sufficient 

accuracy when at least 75% of the estimates fall within ±30% of the measured 

GFR.”26,p2066.
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Renal Reserve

Basal GFR may not be an adequate marker of kidney function because it does not take into 

account renal reserve. Renal reserve is defined as the increase in GFR above basal fasting 

values that is activated by stress, an oral protein load, or amino acid, dopamine or glucagon 

infusion27,28 as shown in Figure 1C. The increase in GFR is accompanied by a reduction in 

renal vascular resistance and a congruent increase in renal plasma flow such that the 

filtration fraction remains constant. Renal reserve can be stimulated using several 

approaches. Initial studies were accomplished using animal and vegetable proteins, with 

animal proteins being more stimulating. Response was found to be proportional to the 

amount of meat given, with maximal stimulation occurring approximately 150 minutes after 

ingestion.27,29 Other approaches used amino acid infusion, and a mixture of amino acids 

was marketed for this purpose (Freamine III, Baxter).30 Infusions of dopamine or glucagon 

have been also used.27,31,32

Renal reserve is thought to be proportionally lost as basal GFR declines, but very little is 

known about renal reserve in CKD or in aging patients. Several studies have shown no 

predictable effect on renal reserve in CKD patients over a wide range of GFRs.29,33,34 That 

is, renal reserve, as a percentage of basal GFR, could be high in patients with a low basal 

GFR or low in patients with a high baseline GFR. Therefore, with a basal measurement of 

GFR, we do not really know the true potential or maximal stimulated GFR, and we do not 

know if renal reserve is being used up to offset measurable reductions in basal GFR as 

maximal GFR diminishes. Thus, the difference between a patient with progressive decline in 

GFR and a patient with a stable GFR may be that the stable patient has renal reserve that is 

being depleted and thus basal GFR does not change.

Glomerular filtration varies throughout the day primarily due to meals that result in GFR 

increases (figure 1C). Therefore, a fasting serum creatinine and a 24-hour urine for 

creatinine clearance are integrated results of these variations. The percentage change in GFR 

after a meal depends on the amount of protein ingested and the patient’s available renal 

reserve. For instance, in a hyperfiltering diabetic pateint or a patient with advanced CKD 

lacking renal reserve, the change in GFR after a protein-rich meal may be very small as a 

percentage of baseline GFR.32,35 In addition, a mGFR done while the patient is fasting 

underestimates the mean 24-hour GFR, while an mGFR obtained following a protein meal 

overestimates the 24-hour average daily GFR.

Chronic hyperfiltration occurs early in some diabetic patients and may portend a higher risk 

for progression of CKD.34,36 This results in high filtration rates and can last for a prolonged 

period prior to a quantifiable decline in basal GFR, figure 2.

Renal reserve has also been shown by many investigators to be chronically activated in 

critical care situations where 24-hour creatinine clearances, as a measure of GFR, have been 

increased to mean levels of 170 ml/min for many days in patients on ventilators, and in 

patients who have received vasopressors for hemodynamic support.37 This has been termed 

augmented renal clearance and leads to underdosing medications cleared by the kidneys with 

important clinical consequences. Activation of renal reserve also occurs in transplant donors. 

For example, in kidney donors studied prior to and after donation,38 basal and stimulated 
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GFRs have been measured predonation and compared to postdonation baseline values. 

Following kidney donation, Scr was found to increase from 0.96 ± 0.15 (standard deviation) 

to 1.29 ± 0.24 mg/dL while basal GFR decreased from 113 to 72 ml/min/1.73 m2. The pre-

donation stimulated GFR was 143 ml/min/1.73 m2. Therefore, loss of one kidney, or 50% of 

total GFR, resulted in only an increase of 0.33 mg/dl in Scr, a loss of 41 ml/min/1.73 m2 of 

basal GFR, but a loss of 71 ml/min/1.73 m2 total GFR. This was exactly half of the total 

predonation stimulated or total GFR, implying complete engagement of the renal reserve of 

the remaining kidney.28

Determining GFR

The rapid and accurate clinical determination of GFR has been a goal for over fifty years. 

The clinical utility for an mGFR is listed in Box 1. To measure GFR accurately, the ideal 

GFR marker should be small, retained within the vasculature, not protein bound, and freely 

filtered across the glomerulus. It should not be secreted into the urine or reabsorbed from the 

urine, so that the mGFR would be equal to the urinary clearance of the marker after its 

intravenous infusion. Inulin, a small fructose polymer that is neither secreted, reabsorbed, 

nor metabolized, and is cleared only by glomerular filtration, is the reference standard GFR 

marker. A constant intravenous infusion of an exogenous filtration marker allows a steady 

state plasma concentration, and collection of timed urine collections enables assessment of 

urinary clearance to approximate the GFR. However, this approach is costly, unwieldy, error 

prone, and time consuming.12 Plasma clearance of inulin and other small molecular weight 

compounds used to quantify GFR can be assessed without the requirement for a timed urine 

collection, however, neither inulin nor other markers are retained exclusively within the 

plasma volume (PV) because they distribute into the extracellular fluid (ECF) volume to 

occupy the total ECF volume. Therefore, the disappearance of the exogenous filtration 

marker from the PV is governed by both ECF space distribution and kidney clearance. To 

remove the ECF distribution component from the equation, the single compartment model 

uses the terminal elimination phase constant k because it relates directly to kidney removal 

of the compound after equilibration of the marker between the PV and ECF compartments, 

which typically requires 1–2 hours. Once equilibrium is reached between the plasma and 

ECF, removal from the plasma only occurs via the kidney. This is why one compartment 

models require several hours of recurrent blood draws for an accurate determination, and 

determination can either be by plasma sampling or using a non-invasive fluorescent detector 

to quantify ECF fluorescence.

A two compartment model can also be used with a bolus injection of a single marker 

compound. In this case the initial concentration of the marker at time zero (t0) and the 

plasma volume of the injected compound are estimated by obtaining many samples in the 

first few minutes after injection and extrapolating the concentrations obtained back to t0 on 

the x axis. The more time points, and the closer they are obtained to the completed injection, 

the better the estimate. The disappearance of the GFR marker is then broken down into 

movement into the ECF and the clearance by the kidney. The rate for kidney clearance is 

determined by the dose divided by the area under the curve (AUC).39–43
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With the development of a suitable contrast agents, medical imaging, for instance magnetic 

resonance imaging (MRI) techniques, will be beneficial for providing kidney regional as 

well as total kidney blood flow and GFR.44–47 The disadvantages of these technologies are 

the high expense, the low degree of accessibility, the challenges of repeating the study, and 

the patient needing to be transported for the study.

Translating Fluorescence Measurements Into Clinical Observations

Progress in the Area of Fluorescence Tissue Imaging

Optical techniques that use non-ionizing radiation are either minimally invasive or non-

invasive. They can empower the diagnosis of diseases with high sensitivity, speed, and 

accuracy. In particular, quantitative fluorescent approaches have been developed for 

determining numerous kidney functions including GFR.48–62

Several groups of investigators and commercial entities are working in this idea as is shown 

by recent publications (Table 1).60,63–70 Initial studies in mice showed a single injection of 

FITC (fluorescein isothiocyanate)-tagged inulin could be used to quantify GFR with normal, 

reduced, and increased GFR.40 Continuous infusions of FITC-inulin have also been used 

with success in mice71 to quantify hyperfiltration in diabetic mice. Sinistrin, a derivative of 

inulin with increased solubility, and FITC-sinistrin has been used in bolus and continuous 

infusion studies in rats.67,68,72 These later studies were accomplished using a transcutaneous 

fluorescence excitation emitter and an emission monitor that detects ECF fluorescence 

through the skin. Transcutaneous detection of fluorescent sinistrin has also been used in cats 

and dogs73, and a detector that allows continuous monitoring has been developed for use in 

awake mice.74 Non-fluorescent sinistrin has been successfully used safely in humans with 

various levels of kidney function, including patients with augmented renal clearance.75,76 

Pyrazine dyes have also been studied in rodent models to quantify a rate of clearance 

constant, and recent data indicate they have an adequate toxicity profile.77 Finally, lifetime-

decomposition measurements of FITC-sinistrin have been used to quantify GFR66,78 and 

have allowed a reduction in FITC-sinistrin dose by factor of 200.

However, all of these studies had to use a single compartment model because the fluorescent 

signal comes from the ECF. This approach requires equilibration of the injected fluorescent 

marker with the ECF, and this large volume of distribution and quenching of fluorescence by 

skin increases the amount of marker needed for adequate signals. It also only yields a rate 

constant for marker removal from the ECF and not a true GFR. To convert the rate constant 

to GFR, one has to have an accurate determination of ECF volume or use estimating 

equations for ECF.43 The use of estimating equations works reasonably well in “normal” 

individuals but in patients with an altered ECF, such as with edema or ascites, adequate 

equations to estimate ECF volume have not been developed. This minimizes the utility of 

this approach in CKD patient populations.
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Developing a Bedside Two-Compartment GFR Measurement Technique 

With Two Markers

Translation to the clinic requires refining an approach initially developed in rats that would 

allow rapid direct quantification of vascular fluorescence for quantitative analysis of GFR 

and plasma volume.60 Three components are necessary to translate from the microscope to 

the bedside: a two component fluorescent marker mixture, a software analysis program for 

the two-compartment model, and a detector.79

The first component is a two-marker injectate composed of a PV indicator and GFR 

indicator. The PV marker is a high molecular weight 150 kDa inert marker with a prolonged 

stable phase in the plasma, used to quantify PV based on dilutional principles. This marker 

eliminates the need for many early blood samples because extrapolation of the GFR marker 

back to zero for determination of the t0 concentration of the marker is not necessary. In this 

case the t0 concentration of the GFR marker can be determined directly, knowing the PV and 

dose of small marker injected. The freely filtered small molecular weight glomerular 

filtration indicator is again used to determine the rate of movement into the ECF and 

clearance by the kidneys based on dose and AUC. In summary, this two-marker approach 

gives the t0 concentration, not an estimated one. This improves the accuracy of the AUC and 

dramatically reduces the time required and the number of plasma samples that must be 

drawn.79

Design of the large and small molecular weight markers requires inert uniform-sized 

molecules that are highly water soluble, such as dextrans, that can be covalently labeled with 

non-toxic readily differentiated molecules with different detection properties, such as 

fluorescent dyes. Dextrans are inert and highly water soluble molecules that can be prepared 

at various sizes, with low dispersion about the mean, and have been used clinically for many 

decades. They are also easy to covalently label with fluorescent molecules, for which they 

have a high conjugation ratio. These characteristics allow for very low milligram doses and 

volumes to be given. Thus small quantities of fluorescent dextrans are needed, which has 

important clinical safety and commercial implications. The use of a red fluorescent large 

dextran PV marker and freely filterable green fluorescent small dextran GFR reporter 

molecules allows for GFR determinations.41,79 Direct PV determinations, using the large 

150-kDa dextran PV marker, also minimizes potential estimation errors in t0 due to 

variations in PV with disease states. It also avoids movement of the molecule into the 

extracellular space, even in disease states like sepsis, thus allowing for a stable measurement 

over time. Therefore, one can determine PV by determining the amount of dilution of the PV 

indicator once equilibrium within the plasma has been reached in 10–15 minutes. Knowing 

this value the t0 concentration of the small GFR marker can be calculated directly. This is a 

critical number that is only estimated when a one marker is approach is used in a two 

compartment model.

The second component necessary for a rapid bedside determination is a software analysis 

program using the two-compartment model.41 The GFR rate constant, and apparent volume 

of distribution (Vd) of the PV indicator molecule, can be measured by monitoring the plasma 

concentration of the fluorescently labeled GFR filtration molecule over time and dilution 
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equilibrium value of the PV indicator molecule.41 Since its introduction,80 the two-

compartment model has been applied in a number of renal studies in animal models40,42,81 

as well as in humans.82–84 It has been shown to be an effective approach in plasma clearance 

analysis and GFR determination.

The third component is detection, and this requires plasma sampling and a fluorescence 

detector. The number of plasma samples includes an early sample for PV determination. 

This sample can also be used to determine the initial starting concentration of the GFR 

clearance marker at t0. This is a major advantage as it gives an exact PV and also minimizes 

the number of early plasma samples necessary since no extrapolation to t0 is necessary. 

Presently, three plasma samples taken at 15, 60 and 120 minutes postinjection are required 

for determination of both PV and mGFR. This shortens the time necessary for the study, and 

the fluorescent indicators allow for an immediate readout, thus avoiding time-consuming 

biochemical- or radioactivity-based determinations.

Another advantage of determining the PV with a compound that has a long half life is the 

ability to resample the plasma at different time points and determine the effect of volume 

addition or removal maneuvers such as fluid boluses or diuretics in CKD patients.

A rapid determination of GFR has multiple advantages (Box 1). It also allows for 

measurement of stimulated GFR and therefore renal reserve. To accomplish this either an 

intravenous infusion of an amino acid mixture or a protein meal can be used.30,34 Using a 

two-marker, two compartment model this can be done either following a basal measurement 

of GFR by repeating the study after stimulation or without a baseline measurement by a 

GFR study one hour poststimulation. Measuring renal reserve would also give early insight 

into hyperfiltration in diabetics allowing for earlier initiation of therapies to reduce 

intraglomerular pressure. It will also allow for individualization of patient care and rational 

development of other biomarkers of disease and progression.

In summary, early identification and determination of the extent of GFR loss in CKD will 

allow for early treatment, as well as enrollment and appropriate stratification in clinical 

studies. Determination of basal GFR and stimulated GFR would allow for more precise and 

reproducible GFR measurements and the ability to follow progressive loss of GFR in all 

patients, even when renal reserve is limiting changes in basal GFR. Fluorescence 

technologies will provide the ability to quantify basal and stimulated GFR, thus allowing for 

individual care.

Acknowledgments

Support: This work was made possible by funding from National Institutes of Health grants P30-DK07931 and 
R01-DK069408 to Dr Molitoris and R41- DK079477 to both Dr Molitoris and Dan Meier from FAST Diagnostics 
Inc; BioCrossroads; and the Indiana.

Financial Disclosure: Dr Molitoris receives grant funding from and is a founding member and Medical Director for 
FAST BioMedical Inc.

Molitoris Page 8

Am J Kidney Dis. Author manuscript; available in PMC 2018 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



References

1. Leung KC, Tonelli M, James MT. Chronic kidney disease following acute kidney injury-risk and 
outcomes. Nat Rev Nephrol. 2013; 9(2):77–85. [PubMed: 23247572] 

2. Go AS, Chertow GM, Fan D, McCulloch CE, Hsu CY. Chronic kidney disease and the risks of 
death, cardiovascular events, and hospitalization. N Engl J Med. 2004; 351(13):1296–1305. 
[PubMed: 15385656] 

3. Denic A, Glassock RJ, Rule AD. Structural and Functional Changes With the Aging Kidney. Adv 
Chronic Kidney Dis. 2016; 23(1):19–28. [PubMed: 26709059] 

4. Lieberthal W, Nigam SK. Acute renal failure. II. Experimental models of acute renal failure: 
imperfect but indispensable. Am J Physiol Renal Physiol. 2000; 278(1):F1–F12. [PubMed: 
10644651] 

5. Rittirsch D, Hoesel LM, Ward PA. The disconnect between animal models of sepsis and human 
sepsis. J Leukoc Biol. 2007; 81(1):137–143. [PubMed: 17020929] 

6. Yang HC, Zuo Y, Fogo AB. Models of chronic kidney disease. Drug Discov Today Dis Models. 
2010; 7(1–2):13–19. [PubMed: 21286234] 

7. Kretzler M, Sedor JR. Introduction: Precision Medicine for Glomerular Disease: The Road Forward. 
Semin Nephrol. 2015; 35(3):209–211. [PubMed: 26215858] 

8. Finkenstaedt JT, Merrill JP. Renal function after recovery from acute renal failure. The New England 
journal of medicine. 1956; 254(22):1023–1026. [PubMed: 13322205] 

9. Delanaye P. How Measuring Glomerular Filtration Rate? Comparison of Reference Methods. Basic 
Nephrology and Acute Kidney Injury. 2012:21–58.

10. Soveri I, Berg UB, Bjork J, et al. Measuring GFR: a systematic review. American journal of kidney 
diseases : the official journal of the National Kidney Foundation. 2014; 64(3):411–424. [PubMed: 
24840668] 

11. Agarwal R, Bills JE, Yigazu PM, et al. Assessment of iothalamate plasma clearance: duration of 
study affects quality of GFR. Clinical journal of the American Society of Nephrology : CJASN. 
2009; 4(1):77–85. [PubMed: 19005012] 

12. Dagher PC, Herget-Rosenthal S, Ruehm SG, et al. Newly developed techniques to study and 
diagnose acute renal failure. Journal of the American Society of Nephrology : JASN. 2003; 14(8):
2188–2198. [PubMed: 12874475] 

13. Zhou H, Hewitt SM, Yuen PS, Star RA. Acute Kidney Injury Biomarkers - Needs, Present Status, 
and Future Promise. Nephrology self-assessment program : NephSAP. 2006; 5(2):63–71. 
[PubMed: 19096722] 

14. Stevens LA, Coresh J, Greene T, Levey AS. Assessing kidney function--measured and estimated 
glomerular filtration rate. The New England journal of medicine. 2006; 354(23):2473–2483. 
[PubMed: 16760447] 

15. Levey AS, Inker LA, Coresh J. GFR estimation: from physiology to public health. American 
journal of kidney diseases : the official journal of the National Kidney Foundation. 2014; 63(5):
820–834. [PubMed: 24485147] 

16. Froissart M, Rossert J, Jacquot C, Paillard M, Houillier P. Predictive performance of the 
modification of diet in renal disease and Cockcroft-Gault equations for estimating renal function. 
Journal of the American Society of Nephrology : JASN. 2005; 16(3):763–773. [PubMed: 
15659562] 

17. Poggio ED, Wang X, Greene T, Van Lente F, Hall PM. Performance of the modification of diet in 
renal disease and Cockcroft-Gault equations in the estimation of GFR in health and in chronic 
kidney disease. Journal of the American Society of Nephrology : JASN. 2005; 16(2):459–466. 
[PubMed: 15615823] 

18. Stevens LA, Levey AS. Clinical implications of estimating equations for glomerular filtration rate. 
Annals of internal medicine. 2004; 141(12):959–961. [PubMed: 15611494] 

19. Waikar SS, Bonventre JV. Creatinine kinetics and the definition of acute kidney injury. Journal of 
the American Society of Nephrology : JASN. 2009; 20(3):672–679. [PubMed: 19244578] 

20. Botev R, Mallie JP, Couchoud C, et al. Estimating glomerular filtration rate: Cockcroft-Gault and 
Modification of Diet in Renal Disease formulas compared to renal inulin clearance. Clinical 

Molitoris Page 9

Am J Kidney Dis. Author manuscript; available in PMC 2018 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



journal of the American Society of Nephrology : CJASN. 2009; 4(5):899–906. [PubMed: 
19406960] 

21. Botev R, Mallie JP, Wetzels JF, Couchoud C, Schuck O. The clinician and estimation of glomerular 
filtration rate by creatinine-based formulas: current limitations and quo vadis. Clinical journal of 
the American Society of Nephrology : CJASN. 2011; 6(4):937–950. [PubMed: 21454722] 

22. Gaspari F, Ruggenenti P, Porrini E, et al. The GFR and GFR decline cannot be accurately estimated 
in type 2 diabetics. Kidney international. 2013; 84(1):164–173. [PubMed: 23447062] 

23. Hingorani S, Pao E, Schoch G, Gooley T, Schwartz GJ. Estimating GFR in adult patients with 
hematopoietic cell transplant: comparison of estimating equations with an iohexol reference 
standard. Clinical journal of the American Society of Nephrology : CJASN. 2015; 10(4):601–610. 
[PubMed: 25717073] 

24. Murata K, Baumann NA, Saenger AK, Larson TS, Rule AD, Lieske JC. Relative performance of 
the MDRD and CKD-EPI equations for estimating glomerular filtration rate among patients with 
varied clinical presentations. Clinical journal of the American Society of Nephrology : CJASN. 
2011; 6(8):1963–1972. [PubMed: 21737852] 

25. Rule AD, Glassock RJ. GFR estimating equations: getting closer to the truth? Clinical journal of 
the American Society of Nephrology : CJASN. 2013; 8(8):1414–1420. [PubMed: 23704300] 

26. Berns JS. Clinical Decision Making in a Patient with Stage 5 CKD-Is eGFR Good Enough? 
Clinical journal of the American Society of Nephrology : CJASN. 2015; 10(11):2065–2072. 
[PubMed: 25883071] 

27. Thomas DM, Coles GA, Williams JD. What does the renal reserve mean? Kidney international. 
1994; 45(2):411–416. [PubMed: 8164427] 

28. Sharma A, Mucino MJ, Ronco C. Renal functional reserve and renal recovery after acute kidney 
injury. Nephron Clin Pract. 2014; 127(1–4):94–100. [PubMed: 25343829] 

29. Bosch JP, Saccaggi A, Lauer A, Ronco C, Belledonne M, Glabman S. Renal functional reserve in 
humans. Effect of protein intake on glomerular filtration rate. The American journal of medicine. 
1983; 75(6):943–950. [PubMed: 6650549] 

30. Livi R, Teghini L, Pignone A, Generini S, Matucci-Cerinic M, Cagnoni M. Renal functional 
reserve is impaired in patients with systemic sclerosis without clinical signs of kidney 
involvement. Ann Rheum Dis. 2002; 61(8):682–686. [PubMed: 12117672] 

31. Beukhof HR, ter Wee PM, Sluiter WJ, Donker AJ. Effect of low-dose dopamine on effective renal 
plasma flow and glomerular filtration rate in 32 patients with IgA glomerulopathy. Am J Nephrol. 
1985; 5(4):267–270. [PubMed: 4050887] 

32. Raes A, Donckerwolcke R, Craen M, Hussein MC, Vande Walle J. Renal hemodynamic changes 
and renal functional reserve in children with type I diabetes mellitus. Pediatr Nephrol. 2007; 
22(11):1903–1909. [PubMed: 17638025] 

33. Bosch JP, Lauer A, Glabman S. Short-term protein loading in assessment of patients with renal 
disease. The American journal of medicine. 1984; 77(5):873–879. [PubMed: 6496542] 

34. Earle KA, Mehrotra S, Dalton RN, Denver E, Swaminathan R. Defective nitric oxide production 
and functional renal reserve in patients with type 2 diabetes who have microalbuminuria of African 
and Asian compared with white origin. Journal of the American Society of Nephrology : JASN. 
2001; 12(10):2125–2130. [PubMed: 11562411] 

35. Sackmann H, Tran-Van T, Tack I, Hanaire-Broutin H, Tauber JP, Ader JL. Renal functional reserve 
in IDDM patients. Diabetologia. 1998; 41(1):86–93. [PubMed: 9498635] 

36. Pavkov ME, Knowler WC, Lemley KV, Mason CC, Myers BD, Nelson RG. Early renal function 
decline in type 2 diabetes. Clinical journal of the American Society of Nephrology : CJASN. 2012; 
7(1):78–84. [PubMed: 22076874] 

37. Baptista JP, Udy AA, Sousa E, et al. A comparison of estimates of glomerular filtration in critically 
ill patients with augmented renal clearance. Critical care. 2011; 15(3):R139. [PubMed: 21651804] 

38. Rook M, Hofker HS, van Son WJ, Homan van der Heide JJ, Ploeg RJ, Navis GJ. Predictive 
capacity of pre-donation GFR and renal reserve capacity for donor renal function after living 
kidney donation. Am J Transplant. 2006; 6(7):1653–1659. [PubMed: 16827867] 

39. Greenblatt DJK-WJ. Clinical pharmacokinetics (first of two parts). The New England journal of 
medicine. 1973; 293(19):702–705.

Molitoris Page 10

Am J Kidney Dis. Author manuscript; available in PMC 2018 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



40. Qi Z, Whitt I, Mehta A, et al. Serial determination of glomerular filtration rate in conscious mice 
using FITC-inulin clearance. American journal of physiology Renal physiology. 2004; 
286(3):F590–F596. [PubMed: 14600035] 

41. Sapirstein LA, Herrold MR, Janakis M, Ogden E. Validity of values for glomerular filtration rate 
and extracellular fluid obtained from plasma concentration-time decay curves after single 
injections of mannitol in the dog. The American journal of physiology. 1952; 171(2):487–491. 
[PubMed: 13007821] 

42. Sturgeon C, Sam AD 2nd, Law WR. Rapid determination of glomerular filtration rate by single-
bolus inulin: a comparison of estimation analyses. Journal of applied physiology. 1998; 84(6):
2154–2162. [PubMed: 9609812] 

43. Peters AM. The kinetic basis of glomerular filtration rate measurement and new concepts of 
indexation to body size. European journal of nuclear medicine and molecular imaging. 2004; 
31(1):137–149. [PubMed: 14593500] 

44. Annet L, Hermoye L, Peeters F, Jamar F, Dehoux JP, Van Beers BE. Glomerular filtration rate: 
assessment with dynamic contrast-enhanced MRI and a cortical-compartment model in the rabbit 
kidney. Journal of magnetic resonance imaging : JMRI. 2004; 20(5):843–849. [PubMed: 
15503326] 

45. Buonocore MH, Katzberg RW. Estimation of extraction fraction (EF) and glomerular filtration rate 
(GFR) using MRI: considerations derived from a new Gd-chelate biodistribution model 
simulation. IEEE transactions on medical imaging. 2005; 24(5):651–666. [PubMed: 15889552] 

46. Prasad PV. Functional MRI of the kidney: tools for translational studies of pathophysiology of 
renal disease. American journal of physiology Renal physiology. 2006; 290(5):F958–F974. 
[PubMed: 16601297] 

47. Rusinek H, Kaur M, Lee VS. Renal magnetic resonance imaging. Current opinion in nephrology 
and hypertension. 2004; 13(6):667–673. [PubMed: 15483459] 

48. Dunn KW, Sandoval RM, Kelly KJ, et al. Functional studies of the kidney of living animals using 
multicolor two-photon microscopy. American journal of physiology Cell physiology. 2002; 
283(3):C905–C916. [PubMed: 12176747] 

49. Dunn KW, Sandoval RM, Molitoris BA. Intravital imaging of the kidney using multiparameter 
multiphoton microscopy. Nephron Experimental nephrology. 2003; 94(1):e7–e11. [PubMed: 
12806182] 

50. Lin SX, Maxfield FR. Fluorescence imaging in living animals. Focus on "Uptake and trafficking of 
fluorescent conjugates of folic acid in intact kidney determined using intravital two-photon 
microscopy". American journal of physiology Cell physiology. 2004; 287(2):C257–C259. 
[PubMed: 15238357] 

51. Molitoris BA, Sandoval RM. Intravital multiphoton microscopy of dynamic renal processes. 
American journal of physiology Renal physiology. 2005; 288(6):F1084–F1089. [PubMed: 
15883167] 

52. Molitoris BA, Sandoval RM. Pharmacophotonics: utilizing multi-photon microscopy to quantify 
drug delivery and intracellular trafficking in the kidney. Advanced drug delivery reviews. 2006; 
58(7):809–823. [PubMed: 17064810] 

53. Peti-Peterdi J, Fintha A, Fuson AL, Tousson A, Chow RH. Real-time imaging of renin release in 
vitro. American journal of physiology Renal physiology. 2004; 287(2):F329–F335. [PubMed: 
15082450] 

54. Peti-Peterdi J, Morishima S, Bell PD, Okada Y. Two-photon excitation fluorescence imaging of the 
living juxtaglomerular apparatus. American journal of physiology Renal physiology. 2002; 
283(1):F197–F201. [PubMed: 12060602] 

55. Phillips C. Cell of the month: waves of glomerular podocytes. Nature cell biology. 2004; 6(9):818. 
[PubMed: 15340449] 

56. Sandoval RM, Kennedy MD, Low PS, Molitoris BA. Uptake and trafficking of fluorescent 
conjugates of folic acid in intact kidney determined using intravital two-photon microscopy. 
American journal of physiology Cell physiology. 2004; 287(2):C517–C526. [PubMed: 15102609] 

57. Sutton TA, Fisher CJ, Molitoris BA. Microvascular endothelial injury and dysfunction during 
ischemic acute renal failure. Kidney international. 2002; 62(5):1539–1549. [PubMed: 12371954] 

Molitoris Page 11

Am J Kidney Dis. Author manuscript; available in PMC 2018 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



58. Tanner GA, Sandoval RM, Dunn KW. Two-photon in vivo microscopy of sulfonefluorescein 
secretion in normal and cystic rat kidneys. American journal of physiology Renal physiology. 
2004; 286(1):F152–F160. [PubMed: 12965895] 

59. Tanner GA, Sandoval RM, Molitoris BA, Bamburg JR, Ashworth SL. Micropuncture gene delivery 
and intravital two-photon visualization of protein expression in rat kidney. American journal of 
physiology Renal physiology. 2005; 289(3):F638–F643. [PubMed: 15886277] 

60. Wang E, Sandoval RM, Campos SB, Molitoris BA. Rapid diagnosis and quantification of acute 
kidney injury using fluorescent ratio-metric determination of glomerular filtration rate in the rat. 
American journal of physiology Renal physiology. 2010; 299(5):F1048–F1055. [PubMed: 
20685826] 

61. Yu W. Quantitative microscopic approaches for studying kidney functions. Nephron Physiology. 
2006; 103(2):p63–p70. [PubMed: 16543769] 

62. Yu W, Sandoval RM, Molitoris BA. Quantitative intravital microscopy using a Generalized Polarity 
concept for kidney studies. American journal of physiology Cell physiology. 2005; 289(5):C1197–
C1208. [PubMed: 16033906] 

63. Poreddy AR, Neumann WL, Freskos JN, et al. Exogenous fluorescent tracer agents based on 
pegylated pyrazine dyes for real-time point-of-care measurement of glomerular filtration rate. 
Bioorganic & medicinal chemistry. 2012; 20(8):2490–2497. [PubMed: 22459210] 

64. Rabito C, Halpern EF, Scott J, Tolkoff-Rubin N. Accurate, fast, and convenient measurement of 
glomerular filtration rate in potential renal transplant donors. Transplantation. 2010; 90(5):510–
517. [PubMed: 20595931] 

65. Rabito CA, Chen Y, Schomacker KT, Modell MD. Optical, real-time monitoring of the glomerular 
filtration rate. Applied optics. 2005; 44(28):5956–5965. [PubMed: 16231803] 

66. Rajagopalan R, Neumann WL, Poreddy AR, et al. Hydrophilic pyrazine dyes as exogenous 
fluorescent tracer agents for real-time point-of-care measurement of glomerular filtration rate. 
Journal of medicinal chemistry. 2011; 54(14):5048–5058. [PubMed: 21667980] 

67. Schock-Kusch D, Sadick M, Henninger N, et al. Transcutaneous measurement of glomerular 
filtration rate using FITC-sinistrin in rats. Nephrology, dialysis, transplantation : official 
publication of the European Dialysis and Transplant Association - European Renal Association. 
2009; 24(10):2997–3001.

68. Schock-Kusch D, Xie Q, Shulhevich Y, et al. Transcutaneous assessment of renal function in 
conscious rats with a device for measuring FITC-sinistrin disappearance curves. Kidney 
international. 2011; 79(11):1254–1258. [PubMed: 21368744] 

69. Wang E, Meier DJ, Sandoval RM, et al. A portable fiberoptic ratiometric fluorescence analyzer 
provides rapid point-of-care determination of glomerular filtration rate in large animals. Kidney 
international. 2012; 81(1):112–117. [PubMed: 21881552] 

70. Yu W, Sandoval RM, Molitoris BA. Rapid determination of renal filtration function using an 
optical ratiometric imaging approach. American journal of physiology Renal physiology. 2007; 
292(6):F1873–F1880. [PubMed: 17311910] 

71. Bivona BJ, Park S, Harrison-Bernard LM. Glomerular filtration rate determinations in conscious 
type II diabetic mice. American journal of physiology Renal physiology. 2011; 300(3):F618–F625. 
[PubMed: 21147841] 

72. Schock-Kusch D, Shulhevich Y, Xie Q, et al. Online feedback-controlled renal constant infusion 
clearances in rats. Kidney international. 2012; 82(3):314–320. [PubMed: 22513822] 

73. Steinbach S, Krolop N, Strommer S, et al. A pilot study to assess the feasibility of transcutaneous 
glomerular filtration rate measurement using fluorescence-labelled sinistrin in dogs and cats. PLoS 
One. 2014; 9(11):e111734. [PubMed: 25423195] 

74. Schreiber A, Shulhevich Y, Geraci S, et al. Transcutaneous measurement of renal function in 
conscious mice. American journal of physiology Renal physiology. 2012; 303(5):F783–F788. 
[PubMed: 22696603] 

75. Udy AA, Jarrett P, Stuart J, et al. Determining the mechanisms underlying augmented renal drug 
clearance in the critically ill: use of exogenous marker compounds. Critical care. 2014; 18(6):657. 
[PubMed: 25432141] 

Molitoris Page 12

Am J Kidney Dis. Author manuscript; available in PMC 2018 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



76. Zitta S, Schrabmair W, Reibnegger G, et al. Glomerular filtration rate (GFR) determination via 
individual kinetics of the inulin-like polyfructosan sinistrin versus creatinine-based population-
derived regression formulae. BMC Nephrol. 2013; 14:159. [PubMed: 23876053] 

77. Bugaj JE, Dorshow RB. Pre-clinical toxicity evaluation of MB-102, a novel fluorescent tracer 
agent for real-time measurement of glomerular filtration rate. Regul Toxicol Pharmacol. 2015; 
72(1):26–38. [PubMed: 25728979] 

78. Shmarlouski A, Schock-Kusch D, Shulhevich Y, et al. A novel analysis technique for 
transcutaneous measurement of glomerular filtration rate with ultra-low dose marker 
concentrations. IEEE transactions on bio-medical engineering. 2015

79. Molitoris BA, Reilly ES. Quantifying Glomerular Filtration Rates in Acute Kidney Injury: A 
Requirement for Translational Success. Semin Nephrol. 2016; 36(1):31–41. [PubMed: 27085733] 

80. Sheppard CW HA. The mathematical basis of the interpretation of tracer experiments in closed 
steady-state systems. J of Applied Physics. 1951; 22:510–520.

81. Sapirstein LA, Vidt DG, Mandel MJ, Hanusek G. Volumes of distribution and clearances of 
intravenously injected creatinine in the dog. The American journal of physiology. 1955; 181(2):
330–336. [PubMed: 14376619] 

82. Sambataro M, Thomaseth K, Pacini G, et al. Plasma clearance rate of 51Cr-EDTA provides a 
precise and convenient technique for measurement of glomerular filtration rate in diabetic humans. 
Journal of the American Society of Nephrology : JASN. 1996; 7(1):118–127. [PubMed: 8808118] 

83. Schwartz GJ, Furth S, Cole SR, Warady B, Munoz A. Glomerular filtration rate via plasma iohexol 
disappearance: pilot study for chronic kidney disease in children. Kidney international. 2006; 
69(11):2070–2077. [PubMed: 16612328] 

84. Work DF, Schwartz GJ. Estimating and measuring glomerular filtration rate in children. Current 
opinion in nephrology and hypertension. 2008; 17(3):320–325. [PubMed: 18408486] 

Molitoris Page 13

Am J Kidney Dis. Author manuscript; available in PMC 2018 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Box 1

Clinical Applications for Basal and Stimulated measured GFR

• Screening test for CKD in high-risk patients with or without preexisting kidney damage

◦ Diagnosis

◦ Quantifying severity of injury

◦ Quantify rate of decline in GFR

◦ Quantifying renal reserve

• Screening for hyperfiltration in diabetic patients to identify an early signal of pending CKD 
development

• Drug-dosage adjustments in patients with acute or chronic decreased kidney function for 
nephrotoxins and renally cleared medications

• Risk assessment of acute kidney injury and recovery of function after injury

• Monitoring patients who require repeated administration of nephrotoxic drugs such as cisplatin

• Indirect assessment of visceral organ perfusion, such as during prolonged anesthesia

• Following therapeutic responses in either baseline or stimulated GFR

• Screening test for kidney donation

CKD, chronic kidney disease; GFR, glomerular filtration rate
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Figure 1. 
Properties of GFR. A. Serum creatinine versus inulin measured GFR. Adapted from Botev20 

with permission of the American Society of Nephrology.

B. Baseline serum creatinine of an idealized 60-year-old Caucasian male and female versus 

the change in GFR that it would take to result in a 0.3mg/dl change in serum creatinine (the 

definition of acute kidney injury).

C. Idealized change in GFR with meals throughout the day.
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Figure 2. 
An idealized schematic showing progressive loss of GFR in three different patients. Two 

patients had early but chronic activation of renal reserve, as some diabetic patients have, 

resulting in hyperfiltration. The third patient lost total kidney function without activating 

renal reserve. This reduces the slope of GFR loss but has the same clinical end point. In all 

cases if detection depends on serum creatinine, detection is late or not at all.
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