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Abstract
Renal clearance encompasses a somewhat abstract concept, which makes it a hard-to-visualize phenomenon.  It is a confusing 
topic for students and a difficult task for the instructor to teach.  In order to improve or facilitate the teaching-learning process 
of renal clearance, an alternative strategy is presented here.  To properly characterize the components of renal clearance, this 
didactic model splits renal clearance into two distinct portions of flow rates.  The information is organized in a sequential 
structure, from the simplest ideas to the most complex concepts, assisting both teacher and student in addressing renal 
clearance.  https://doi.org/10.21692/haps.2020.022
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Introduction
The clearance methods are a useful way to quantify the 
glomerular filtration rate, tubular reabsorption, and tubular 
secretion (Hall and Guyton 2011).  In a broader vision, as 
pointed out by Dr. Donald W. Seldin: “The clearance concept 
is central to three critical areas of nephrology”; it was a key 
feature for understanding the nature of urine formation, for 
measuring renal function, and for elucidating the physiology 
of the kidneys (Seldin 2004).  Given the importance of 
this topic, renal clearance is discussed in many physiology 
textbooks. However, it should be noted that renal clearance is 
per se a concept that is somewhat abstract (Hall and Guyton 
2011), making it difficult for students to master and difficult 
for instructors to explain (Richardson and Speck 2004).  Here, 
in an effort to facilitate or optimize the teaching-learning 
process of renal clearance, an alternative didactic model is 
presented that comprises a series of four major steps.

Step 1: Define Filtered Load and Excretion Rate.
These two terms are key features to the clearance concept.  
Filtered load (FL) is defined as the amount of a substance 
that is filtered into the Bowman’s space per unit of time, 
expressed in mg/min (Widmaier et al. 2016).  To find the FL 
of a substance S (FLS) we need to correlate the concentration 
of S in the glomerular fluid (GFS, in mg/ml) and the rate by 
which GF is formed, i.e., the glomerular filtration rate (GFR, 
in ml/min).  Algebraically, we would multiply these two 
proportions to find the amount of S that is filtered per unit of 
time as FLS = GFR x GFS, which in units of measurement gives 
(ml/min) x (mg/ml) = mg/min.  If substance S is assumed to 
be freely filtered, i.e., GFS is equal to the plasma concentration 
of S (PS), then the filtered load of S can be written as  
FLS = GFR x PS.

The renal excretion rate of a substance S (ERS) is the amount 
of S removed from the body by the kidneys per unit of time 
(mg/min).  By using the same reasoning, it can be written  
ERS =  x US, where  is the urinary excretion rate (urinary 
volume per unit of time) and US is the concentration of S in 
the urine.  In units of measurement it gives  
(ml/min) x (mg/ml) = mg/min.

Step 2: Renal Clearance as the Urinary Excretion Rate
To introduce a general idea of the mechanisms that underlie 
renal clearance, we will utilize an analogy with a steady state 
system comprising a container with ten liters of a 1% solution 
of S (10 g/l), as shown in Fig. 1A (the black dots in the 
container represent the substance S).  However, as indicated 
in Fig. 1B, one liter of the S-solution of the container is 
removed, which at the same time is replaced with one liter 
of pure water (S-free).  This procedure effectively dilutes 
the solution in the container (to 9 g/l; note in Fig. 1B that 
the number of dots has decreased, indicating a lower 
concentration of S).  We can infer in a very intuitive way that 
one liter of the original S-solution of the container has been 
cleared of S.

Note that if the procedure of withdrawal of one liter of the 
solution from the container and the replenishment of the 
container with pure water was to be repeated indefinitely at 
a frequency of once a minute, we can say that the S-solution 
of the container is being cleared from S at a rate of 1 l/min, 
which is referred to as clearance of S (Cs).  In this condition, 
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the S-solution is going to infinity dilution or, in other words, 
the container is going to be completely cleared of S, as shown 
in Fig. 1C.  However, to improve this analogy, physiologically 
speaking, we must consider the following two things:

 1. The concentrations of a large number of substances in 
the blood plasma do not decrease over time, but are 
maintained at ideal levels.

 2.  Substances are constantly added to the plasma, either 
by endogenous production or by ingestion and, even 
so, their concentrations do not increase, but are kept at 
ideal levels. 

To simulate this situation, we will introduce a source of S into 
the container (the spiral arrow in Fig. 1D), which produces S 
at the same rate that it is being removed, i.e., 10 g/min.  In 
this case, the concentration of S is no longer time-dependent 

and we can say that CS is a mechanism that maintains the 
concentration of S constant over time in the container.

Now, let us apply this general idea of   clearance in a biological 
system.  As a didactic appeal, we will design a symbolic 
nephron system where 1) there is neither tubular reabsorption 
nor tubular secretion and 2) the filtration membrane is highly 
selective for the waste products produced by metabolism, 
which for our purpose is the substance S.  In Fig. 2, which 
illustrates the didactic model, the red line arrows represent the 
flow of plasma through the blood vessels.  The other line 
arrows, as indicated by acronyms of the same color next to 
each one, represent the water intake rate (WIR), the GFR and .  
The dotted wavy lines indicate the substance S dissolved in 
these fluids.  Qualitatively, the length of the line arrows will be 
correlated with the rate of the flow, while the frequency of the 
wavy lines will be associated with the concentration of the 
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Figure 1.  An analogy for renal clearance as urinary excretion rate. 
A:  A container with ten liters of substance S solution.  The substance S is represented by the dots, whose 

number is related to the concentration of S.  
B:  One liter of the S solution is replaced with pure water, decreasing the concentration of S in the 

container. 
C:  Indefinitely repeating the procedure described in B makes the solution in the container completely 

clear of S. 
D:  A source of S (spiral arrow) produces S at the same rate that it is being removed, so the repetition of 

the procedure described in B no longer decreases the concentration of S in the container, but keeps it 
constant.
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substance S.  We will also consider that S is freely filtered, 
produced endogenously only, i.e., not ingested, and not 
synthesized, metabolized or stored by tubular cells.

V = Cs

GFR

WIR

a.a. r.v.

.

Under these conditions, as there is neither tubular 
reabsorption nor tubular secretion, GFR = ; note in Fig. 2 that 
the line arrows indicating GFR and  are of the same length, 
denoting qualitatively that these two rates are of the same 
magnitude. Furthermore, as S is freely filtered, PS = GFS = US.  
Note in Fig. 2 that the frequency of the dotted line waves is 
the same, denoting qualitatively that substance S is at the 
same concentration in the plasma, glomerular fluid and urine.  
Consequently, it is easy to see that FLS = ERS.  In this system 
we would consider  as the obligatory urine volume, i.e., 
the minimal volume required to excrete the waste products 
produced by metabolism (i.e., the substance S) per unit of 
time.  

Of course, to maintain homeostasis of bodily fluids as zero 
balance, the volume of water lost as  must be replenished 
by pure water intake (i.e., S-free).  For simplicity, we will 
not consider other forms of body water loss (sweat, feces, 
breathing); note in Fig. 2 that the line arrow indicating WIR 
is the same length as the  arrow, denoting that water intake 
equals water excretion.  In conclusion, in this nephron model, 
we can say that plasma is being cleaned (or cleared) of the 
substance S at the same rate of the urine excretion, i.e., CS = ,  
where CS is the renal clearance of S.  We still must point out 
that the rate by which S is endogenously formed must equal 
ERS, so PS is maintained constant.
 
Step 3: Renal Clearance as the S-free Tubular Reabsorption Rate
In this step a model of a real nephron with tubular 
reabsorption and tubular secretion processes is used (Fig. 
3).  The symbols used are the same as those of Fig. 2, adding 
tubular reabsorption rate (acronymized as TRRF, indicating that 
the reabsorption is only of fluid) and the plasma flow through 
the renal vein. The substance S dissolved in the plasma 
also has the same properties as that of Fig. 2, and is neither 
reabsorbed nor secreted by the tubules.

Under these conditions, as S is neither reabsorbed nor 
secreted and neither metabolized nor stored by tubular cells, 
we can conclude, as in Fig. 2, that all S filtered is excreted 
(FLS = ERS).  However, we must consider that, in physiological 
conditions, while the glomerular fluid flows through the 
tubular system of the nephron, a large part (~99%) of the 
fluid is reabsorbed back into the peritubular capillaries.  Here, 
since the reabsorption process is highly selective and does not 
reabsorb S, all filtered S is left behind within the tubules while 
the reabsorption process continues (note in Fig. 3 that the TRRF 
arrow is not accompanied by the wavy dotted line, i.e., the 
reabsorption is S-free).  

Figure 2.  Renal clearance as urinary excretion 
rate. The nephron model is simplified; it has 
no reabsorption or secretion process in order 
to isolate the urinary excretion rate ( ) as a 
component of renal clearance. The glomerular 
capillaries (between a.a. and r.v.)  are shown 
inside the Bowman’s capsule, which gives 
rise to the renal tubules.  Line arrows indicate 
flow rates; the red indicates the plasma flow, 
and the others are defined by acronyms of 
the same color next to each one.  The dotted 
wavy lines denote the presence of a substance 
S dissolved in the fluids.  The length of the line 
arrows is qualitatively correlated with the 
intensity of flow rates and the frequency of the 
dotted wavy lines is qualitatively associated 
with the concentration of S. In this model 
GFR = ER = Cs.  See text for a more detailed 
explanation. 
a.a., afferent arteriole; r.v., renal vein; WIR, 
water intake rate; GFR, glomerular filtration 
rate; Cs, renal clearance of S.
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Then, we can say that this large part of the GF that is 
returning to the vascular compartment without S is a 
portion of the plasma that is being cleared of S.  However, 
of course, this part of the S-free plasma is not kept 
separated in the intravascular compartment; it mixes with 
the plasma coming from the efferent arteriole, resulting 
in a dilution of S in the plasma flowing through the renal 
vein (note in Fig. 3 that the frequency of the dotted wavy 
line in the renal vein is smaller than that in the efferent 
arteriole, denoting qualitatively that the concentration 
of S in the renal vein is smaller than that in the efferent 
arteriole).  On the other hand, as shown qualitatively in 
Fig. 3, the concentration of S in urine is higher than that 
of plasma.  Then, for this particular case, the foregone 
conclusion is that all plasma filtered out from the blood 
into the Bowman’s space is cleaned of S (CS = GFR); a 
portion of which is S-free filtrate reabsorbed and another 
one eliminates S through urine excretion.

Step 4: The Equation and the Limits of Renal Clearance
With this mechanism in mind, we can easily formulate the 
equation of renal clearance.  Still considering the substance 
S of Fig. 3, we must assume 1) FLs = ERs; which in an 
extended form it gives GFR x PS =  x US, and 2) the volume 
of plasma that is cleared of S per unit of time exactly 
equals the GFR (CS = GFR).  Now, substituting GFR by CS in 
the above equation and solving for CS we get the general 
form for renal clearance as CS =  x US / PS.  This equation, 
despite being formulated from the particular properties 
of the substance S, can be used to calculate the clearance 
of any substance that is freely filtered and is at constant 
plasma concentration.  For example, imagine a substance 
G that is freely filtered but that is avidly reabsorbed by the 
tubules.  In one extreme, as shown in Fig. 4A, all G can be 
reabsorbed so the concentration of G in the urine is zero 
(note in Fig. 4A that the arrow representing  is no longer 
accompanied by the wavy dotted line, which indicates the 
presence of G).  In this case the kidneys fail to remove G 
from the plasma, i.e., CG = 0 (we can also see this result by 
solving the equation since UG = 0).

At the other extreme, the renal clearance can be highly 
effective in removing a given substance up to the point 
that all plasma perfusing the kidneys is cleared of that 
substance.  Imagine a substance H that is freely filtered, 
not reabsorbed but avidly secreted by the tubules.  As 
shown in Fig. 4B, all H remaining dissolved in the plasma 
of the efferent arteriole can be secreted into the tubules 
by passing through the peritubular capillaries, so the 
concentration of H in the plasma of the renal vein is zero 
(note that the line arrow indicating plasma flow through 
the renal vein is not accompanied by a wavy dotted line) 
and in the urine is high.  In this case the CH is equal to the 
renal plasma flow, since all renal plasma flow is cleared of 
H.  

V

GFR

WIR

a.a. e.a.

p.c.

TRRF

r.v.

.

Figure 3.  Renal clearance as a selective tubular 
reabsorption rate.  The nephron model is equipped 
with peritubular capillaries.  Line arrows indicate 
flow rates; the red indicates the plasma flow, and the 
others are defined by acronyms of the same color 
next to each one.  The dotted wavy lines denote the 
presence of a substance S dissolved in the fluids.  The 
length of the line arrows is qualitatively correlated 
with the intensity of flow rates and the frequency 
of the dotted wavy lines is qualitatively associated 
with the concentration of S.  The substance S is not 
reabsorbed; so, the S excreted load equals S filtered 
load and the tubular fluid that is reabsorbed with no 
S is just the plasma that is cleared of S. In this case 
Cs = GFR = (TRRF + ).  a.a., afferent arteriole; e.a., 
efferent arteriole; p.c., peritubular capillaries; r.v., 
renal vein; WIR, water intake rate; GFR, glomerular 
filtration rate; , urinary excretion rate; TRRF, tubular 
reabsorption rate of fluid.
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Then, since the kidneys use different mechanisms to handle 
each one of the glomerular filtrate components, the clearance 
of the different filtered substances is somewhere between 
these two extremes of CG and CH.  The greater the ability of the 
kidneys to excrete a substance, the more the clearance of this 
substance approaches CH.  On the other hand, the lesser the 
ability of renal excretion, the more the clearance approaches 
CG.  This qualitative idea of the limits of renal clearance can also 
be seen by the equation.  The clearance of a given substance 
will be zero when the variable U in the numerator is zero (as 
in the case for substance G).  On the other hand, it will reach a 
maximum value that equals the renal plasma flow when U for 
a given substance reaches its maximum possible value (as in 
the case for substance H).
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Figure 4.  The limits of renal clearance.  Line arrows 
indicate flow rates; the red indicates the plasma flow, 
and the others are defined by acronyms of the same 
color next to each one.  The dotted wavy lines when 
superimposed on the line arrows denote the presence of 
substance G (in A) or H (in B) dissolved in fluids, and when 
isolated they inform the rate of tubular reabsorption of 
substance G (TRRG) or the rate of tubular secretion of 
the substance H (TSRH).  The length of the line arrows is 
qualitatively correlated with the intensity of flow rates 
and the frequency of the dotted wavy lines is qualitatively 
associated with the concentration of G or H. 
A:  All filtered G is reabsorbed by peritubular capillaries; 

so, the renal clearance of G is zero. 
B:  All H remaining in the efferent arteriole is secreted 

into the tubules; so, the clearance is maximum, i.e., 
the renal plasma flow is completely cleared of H.  
a.a., afferent arteriole; e.a., efferent arteriole; p.c., 
peritubular capillaries; r.v., renal vein; WIR, water 
intake rate; GFR, glomerular filtration rate; , urinary 
excretion rate; TRRF, tubular reabsorption rate of fluid; 
TRRG, tubular reabsorption rate of the substance G; 
TSRH, tubular secretion rate of the substance H.

Discussion and Conclusions
Renal clearance is the final process that regulates the chemical 
composition of the plasma.  Each substance filtered into the 
Bowman’s space presents a specific clearance; from values 
ranging as low as CG to as high as CH.  As we have seen, the 
value of renal clearance for a given substance X (Cx) depends 
on the basic mechanisms of the kidneys, that is, GFR, TRRx and 
the tubular secretion rate (TSRx).  In physiological conditions 
of GFR, it can be said that the higher the TRRx is in relation 
to the TSRx, the more the value of Cx approaches CG; and the 
higher the TSRx is in relation to the TRRx, the more the value 
of Cx approaches CH. Particularly, if TRR = TSR, as is for the 
substance S in Fig. 3, the CS is equal to GFR. Therefore, in this 
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case, CS is used to estimate how well the kidneys are working, 
since the GFR is the unit measure of renal function (Traynor et 
al. 2006).

To approach this important issue in the physiology of the 
kidneys, teachers and students can find support material 
in several books on physiology and on some didactic 
models described in the literature (Janssen 1993; Persky 
and Pollack 2009; Delattre 2013).  However, to overcome my 
own difficulties in explaining the concept of renal clearance 
clearly and yield positive outcomes, I have implemented 
an alternative strategy for teaching this issue, which was 
presented here.  The teaching-learning material was designed 
with a series of four steps arranged in order of complexity. 

Step 1 begins by defining the key terms FL and ER, which 
provides basic elements for the students to follow the 
development of the concept of renal clearance.  Step 2, using 
a physical system that presents a general idea of the clearance 
mechanism, which is then applied to a simpler nephron 
model, without reabsorption or secretion systems, in order 
to isolate one of the components of the clearance, i.e., .  Of 
course, we must consider the relative representativeness of 

 as a component of renal clearance.  If the concentration 
of a given plasma substance S is zero in the urine (Us = 0), 
then  does not become part of Cs, which is equal to zero.  
The percentage of  that becomes part of Cs increases as Us 
increases, ranging from 0% when Us = 0 to 100% when Us = 
Ps. So, we can say that, for a given plasma substance S,  is the 
only form of Cs when 0 < (Us / Ps) ≤ 1.  The analogy of Fig. 1 
reinforces this concept, making clearer to the students that the 

 is a part of the clearance and cannot be neglected.  On the 
other hand, a selective tubular reabsorption rate that excludes 
a given substance S from which the plasma is cleaned starts to 
become part of Cs when (Us / Ps) > 1 and increases as (Us / Ps) 
increases. 

With a real nephron model and with the special properties of 
the substance S, Step 3 allows the students to qualitatively 
visualize this component of the clearance, i.e. the S-free TRRF.  
Finally, Step 4 1) provides a simple way to deduce the classic 
renal clearance equation from the basic principles already 
set out in Step 1 and 2) using the particular properties of the 
substances G and H, shows the limits of the renal clearance, 
that is to say CG = 0 and CH = (renal plasma flow).

For a more realistic understanding of the concept of renal 
clearance discussed here, let us now exemplify some 
substances.  For example, inulin (a starch found in a wide 
variety of vegetables) has the unique characteristics of 
substance S; it is freely filtered and is neither reabsorbed 
nor secreted by the renal tubules.  These properties make 
inulin a reference substance for kidney function since the 
renal clearance of inulin (Cin) is equal to GFR.  Creatinine, 
a final product of metabolism, also has characteristics that 
are close to those of S, being also used as a marker of renal 

function.  Glucose, in physiological plasma concentrations, is 
equivalent to substance G; being freely filtered but completely 
reabsorbed by the renal tubules (clearance of glucose = 0).  
On the other hand, substance H can be exemplified with PAH 
(para-amino hippuric acid), an exogenous substance that is 
also freely filtered but is avidly secreted by the renal tubules, 
so that the renal venous blood is almost completely cleaned 
from the PAH (PAH clearance = renal plasma flow). 

It is important to note that all these substances are freely 
filtered, so that their concentrations in plasma and glomerular 
fluid are the same. However, not all substances are freely 
filtered; the glomerular barrier sieves the plasma substances 
according to the weight, the radius and the electrical charge 
of the molecules (Boron and Boulpaep 2017).  This mechanism, 
known as permselectivity, filters small molecules into 
Bowman’s space while retaining large molecules. With a view 
to quantifying the clearance of these restricted substances 
and the permselectivity of the glomerular barrier, we can 
make a relative measure, comparing the clearance of a given 
substance X with the clearance of inulin. 

The relative clearance is expressed as the clearance ratio of X = 
Cx / Cin.  So, in general, we can say the following:

1.  If the clearance ratio of X = 1, it means that Cx = Cin and 
that X is freely filtered but not reabsorbed or secreted

2. If the clearance ratio of X > 1, it means that Cx > Cin and 
that X is freely filtered and also secreted by the renal 
tubules. 

3. If the clearance ratio of X < 1, it means that Cx < Cin and 
either the X is not freely filtered or it is filtered but also 
reabsorbed by the renal tubules. 

In the latter case (3), it is necessary to check the 
permselectivity of the glomerular barrier for X, which can be 
estimated by the ratio between the concentration of X in the 
glomerular fluid and in the plasma (GFx / Px). If this ratio, also 
called the sieving coefficient, is equal to 1, it means that X 
is freely filtered. If 0 < GFx / Px < 1, X is partially restricted. If 
GFx / Px = 0, X is completely restricted. GFx can be estimated 
by micropuncture technique or, for substances neither 
reabsorbed nor secreted, the clearance ratio of X can be used in 
the form GFx = Ux x  / Cin.

The main objective of the didactic model presented here is 
to clarify the mechanisms underlying renal clearance.  My 
conception is that a qualitative approach facilitates the 
visualization of the phenomenon, providing for safe passage 
to a quantitative view of renal clearance applying the equation 
for the various plasma substances of interest.  The steps 1-4 
move from simpler to more complex ideas composing a 
cumulative sequence, in which the later steps encompass the 
earlier ones (Rankin 1990).  My perception in the classroom is 
that this series of steps gradually builds up the concepts and 
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the students easily engage in this constructivist sequence, 
allowing them to visualize the mechanisms of renal clearance.
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