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Introduction

The red blood cell distribution width (RDW) is an objective 
measure of anisocytosis which can change with a number 
of disease processes involving the formation, in vivo change 
and removal of red blood cells (RBC) from the circulation. 
Many papers have matched changes in the RDW with 
other measured factors using clinical correlations, changes 
in the enzyme and physical characteristics of the RBC and 

also complex models linking causes across multiple fields 
(1,2). Many of the causes of variation in RBC are still 
unclear. RDW changes occur early in anaemias (3), renal (4),  
cardiac (5), respiratory (6), hypoxic (7), malignant (8) 
and other diseases (9) and also with age (10). Where 
inflammation is a factor, the level of C-reactive protein 
(CRP) is raised more or less in parallel with the RDW but 
there are other conditions and normal states where the CRP 
is normal but the RDW raised (10,11). Presumably all these 
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conditions affect RBC through their lifespan, but there 
is still no agreed mechanism. Other authors (12) suggest 
that changes in RBC are part of a homeostatic response to 
disease, but the RDW also changes in aging without clinical 
disease (11). The large number of papers seeking an answer 
and their high quality suggest that we should seek some 
other explanation. Biological regulation is a well-recognised 
field (13,14) and Weatherall has suggested (15) RBC are part 
of this system. Rather than consider the biochemical and 
physical processes, we have taken a minimalist approach to 
the basic processes that influence RBC survival. We have 
taken the three basic items of entry volume, rate of decline 
in volume and exit volume. We have not sought the factors 
determining these values, but rather the changes in standard 
outputs when the levels or the distributions of one or more 
of these factors change. In addition to the mean cell volume 
(MCV), RDW and mean RBC lifespan, we have also 
modelled the changes in the distributions of RBC volumes 
and lifespans. We have shown that changes in the regulation 
of RBC coupled with random variation of the input values 
can explain many known findings.

Methods

The model

The model is a computer program (see Appendix 1) which is 

available on request. The input data for each individual RBC 
entering the circulation are the entry volume, the daily loss 
of volume as a fraction of the current volume and the cell 
volume that triggers removal from the circulation and also a 
variance for each of these values. For each RBC, the change 
in volume is calculated day by day from entry to exit and the 
daily volume recorded. In most runs, data were collected 
on 200 RBC. The outputs were the mean values and 
distributions of the MCV, RDW and lifespan of the RBC. 

Results

The model was calibrated using results from normal 
subjects to obtain reasonable initial estimates for the three 
input variables. For the initial modelling, we assumed that 
each factor had an exact value (CV =0; Table 1). The outputs 
for the mean values of the MCV, RDW and RBC lifespan 
were acceptable, but the distributions for the RBC volumes 
and lifespans did not match published results (Figures 1,2). 

These inputs and mean outputs are all within the normal 
range. However, with exact values for the input factors, 
when we plotted the volume distribution and lifespans of 
the RBC the plots differed widely from accepted patterns. 
The shape and spread of the curve for cell volumes do not 
match known distributions. It shows central crowding and 
lacks the upper and lower tails shown in distributions of real 
data. As the 200 cells were identical in the model, they all 

Table 1 Outputs of two runs of the model (I) using inputs with constant values and (II) using inputs with CV =7%

RBC entry 
volume (fL)

RBC exit volume 
(fL)

Daily volume 
loss (%)

CV% MCV (fL) RDW%
Mean lifespan 

(days)

110 73 0.37 0 90.7 12.4 114

110 73 0.37 7 90.2 12.9 114

RBC, red blood cell; CV, coefficient of variation; RDW, red blood cell distribution width; MCV, mean cell volume.

Figure 1 Distribution of red cell volumes with a CV of the input variables of 0 and 10%. CV, coefficient of variation; RBC, red blood cell. 
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remained in the circulation for the same duration and then 
were all removed on the same day. Research studies show 
that normal RBC have a mean life span of about 115 days,  
but the range is about 70 to 140 days. Although this 
model gives the correct results for standard measures, it is 
obviously wrong. The mean values of outputs are correct, 
but the shapes of the distributions do not match published 
data. The fault lies in assuming that each cell has an 
identical value for entry volume, exit volume and daily loss. 
In biology, most variables have a range of values, rather than 
a single exact value. To allow for this, we say that a variable 
has a normal mean value and a range of +/− 2 standard 
deviations. When we do this for the model, the outcome is 
very different.

The model did not match the observed and the cause lay 
in the assumption that the cells were identical. In biology, 
normal values are seldom exact but have a mean and a range 
of values. When we applied this to the input values of the 
model, the results changed (Table 1 and Figures 1,2).

The mean value of each output remained almost the 
same (Table 1), but the distributions of RBC volumes and 

lifespan changed. When each input factor had a mean 
value and a coefficient of variation of 5%, the distributions 
matched published research.

Modelling pathological conditions and their effects on the RDW

Iron deficiency anaemia
We used known data for changes in RDW with various 
conditions to test the model. There may be several 
mechanisms that cause changes in the RDW with different 
pathologies. The simplest is iron deficiency anaemia. In 
this condition, the input of normocytic iron-replete cells is 
gradually replaced by microcytic iron-deficient RBC. The 
first change in the full blood count (FBC) is an increase in 
the RDW followed later by a decrease in the MCV mean 
corpuscular haemoglobin (MCH) and mean corpuscular 
haemoglobin concentration (MCHC) (3). The circulating 
population is a mixture of these two cell types. When this 
was run on the computer model the results were as shown 
in Table 2. As the proportion of microcytes increases, there 
is a slow fall in the MCV, almost no change in lifespan, but 

Figure 2 Survival of RBC in the circulation after days in the circulation with a CV of the input variables of 0 and 10%. CV, coefficient of 
variation; RBC, red blood cell.
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Table 2 Model run with increasing numbers of microcytes

Microcytes, % MCV (fL), change (%) RDW%, change (%) Lifespan (days), change (%)

0 90.2, 0 12.4, 0 114, 0

5 89.1, −1 13.7, +10 114, 0

10 88.2, −2 14.3, +15 115, +1

20 86.1, −5 15.8, +27 115, +1

50 80.5, −11 17.7, +43 119, +4

For all percentages of microcytes the input vales were as follows: normocytes entry volume =110 fL, exit volume =73 fL, daily loss = 
0.37%, microcytes entry volume =90 fL, exit volume =63 fL, daily loss =0.37%. RDW, red blood cell distribution width; MCV, mean cell 
volume.
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a large and early increase in RDW. Clinically, the increase 
in RDW would precede the fall in MCV. Whenever two 
populations with different means combine, the standard 
deviation changes more rapidly than the mean.

Changes in the RDW following a period of hypoxia
A similar mechanism explains the rise in RDW following 
a pulse of hypoxia which was described by Ycas et al. (7)  
(Table 3). These authors showed that the hypoxia produced a 
rise in the erythropoietin level which gave rise to the release 
of large immature erythrocytes into the circulation. Many 
of these cells had a shortened lifespan. We modelled the 
changes following the entry of erythrocytes with an entry 
volume of 140 fL and a normal lifespan, and the same cells 
with a shorter lifespan.

With the influx of large cells with a normal lifespan, there 
was a large increase in the RDW and lesser rise in the MCV. 
With the shorter lifespan there was a smaller but significant 
rise in the RDW and almost no change in the MCV.

Other disease states and the RDW
The examples above show the effects on the distribution of 
RBC volumes when two populations with different means 
are mixed together. However, there is no evidence of this 

simple statistical mechanism in other disease states where 
the RDW rises.

Biological regulation is a necessary feature for all 
organisms. It is what allows an organism to handle the 
effects of change, altering its own dynamics in response to 
changes in internal and external conditions. But regulation 
can never be exact, and biological regulation is even less 
exact than most man-made systems. In almost all biological 
fields, the value of variable is defined by its mean and 
probability distribution. With tight regulation, this range is 
narrow, but maintaining this needs information and energy. 
When these are lacking the system becomes “slack” and 
there are wider limits to the range of “normality”.

Our model has shown that “randomness” or unexplained 
variation in levels must be present to explain observed data. 
It also shows that the RDW increases when the standard 
deviations of the input variables increased but the means 
of the variables are largely unchanged. We suggest that 
significant disease leads to some loss of control of these 
biological processes, which allows great variation about 
mean values. Table 4 shows this effect.

When we increase the coefficient of variation, that is, 
we decrease the control over the level of all input variables 
so that they have wider ranges, then the RDW increases 

Table 3 Effect of having large cells added to circulation following hypoxia reproducing the effects reported by Ycas et al. (7)

Cells in circulation
Entry volume 

(fL)
Daily decrease 

(%)
Exit volume

(fL)
MCV (fL), change 

(%)
RDW%, change 

(%)
Lifespan (days), 

change (%)

100% normocytes 110 0.0037 73 90.2, 0 12.9, 0 114, 0

20% large cells, 
normal daily decrease

140 0.0037 73 92.2, +2 15.3, +19 117, +3

20% large cells, fast 
daily decrease

140 0.0100 73 90.9, +1 14.1, +9 111, −3

The CV was 5% throughout. CV, coefficient of variation.

Table 4 Effect of increasing the CV of the input variables—percentage changes shown

CV% MCV (fL), change (%) RDW%, change (%) Median life span (days), change (%) 

0 90.3, 0 11.9, 0 112, 0

5 90.2, −0.1 12.6, +6 114, +2

10 90.1, −0.2 15.4, +29 115, +3

15 90.3, 0 18.7, +57 117, +4

20 90.9, +1 22.0, +85 120, +7

The levels of RBC entry volume =110 fL, RBC exit volume =73 fL and daily volume loss =0.37% are unchanged throughout. CV, coefficient 
of variation; RBC, red blood cell; RDW, red blood cell distribution width; MCV, mean cell volume.
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by 85% while the MCV remains constant and the mean 
lifespan increases by 7%. No matter what the cause of the 
increased range of inputs, the RDW is selectively increased. 
The increase in the lifespan agrees with the findings of 
Patel et al. (11). 

In the previous table all variables were increased by the 
same amount. When we keep the same mean level of each 
of the input variables but increase the range on each input 
variable separately, we get different results (Table 5). 

The output levels of MCV, RDW and lifespan changed 
in different ways when the randomness of individual inputs 
was altered. The greatest change was when the CV of the 
input volume was set at 20% and the least change when the 
CV of the daily volume loss was set at 20%.

Discussion

Many research papers have shown that the level of RDW 
correlates with the severity and mortality rates of both acute 
and chronic disease, but no mechanism for this correlation 
has been found (16). Given the amount and quality of this 
work, further similar studies are unlikely to succeed, A new 
approach is needed.

We have developed a computer model which uses only 
basic data needed to describe the life cycle of RBC in 
the circulation. We have shown how changes in some of 
these factors alter commonly measured diagnostic results. 
Some, like rise in RDW with iron deficiency anaemia, arise 
from the presence of two different populations, although 
there may also be changes in the randomness of the RBC 
measures. However, this does not explain the changes in 
other disease states. We have developed a computer model 
which shows that random variations in the level of input 
factors change the RDW but leave other mean values 
almost unchanged. But there is little gain in replacing and 
unknown cause for the variations in RDW with an unknown 

cause for variations in randomness.
Biological regulation is a necessary feature for all 

organisms (13). It is what allows an organism to handle the 
effects of change, altering its own dynamics in response to 
changes in internal and external conditions. But regulation 
can never be exact, and biological regulation is even less 
exact than most man-made systems. In almost all biological 
fields, the value of variable is defined by its mean and 
probability distribution. With tight regulation, this range is 
narrow, but maintaining this needs information and energy. 
When these are lacking the system becomes “slack” and 
there are wider limits to the range of “normal” (17,18).

Our model has shown that “randomness” or unexplained 
variation in levels can explain observed data. It also shows 
that the RDW increases when the standard deviations of 
the input variables increase but the means of the variables 
are largely unchanged. We suggest that significant disease 
leads to some loss of control of these biological processes, 
which allows great variation about mean values. Table 4 
demonstrates this effect.

There is evidence that randomness is not only necessary 
but also inevitable (17,19). The model has shown that 
when we use known values acceptable levels for the input 
factors as correct and exact values, we can get appropriate 
outputs for the commonly measured parameters such 
as RDW and MCV standard summary outputs, but the 
population distribution of RBCs in the circulation does not 
match experimental results. In Nature, variations between 
individuals and species rests on differences between the 
biochemistry of their constituent cells. Without these 
variations, there would be no evolution (17). Identical 
twins have the same genes, but they are seldom truly 
identical, so at some level their identical genes must lead to 
differing biochemical functioning and outcomes. Random 
variation of inputs is a possible explanation. Genes regulate 
biochemical function and regulation, but to do this they 

Table 5 Changes in outputs with variation in the CV of individual input values

Input volume, CV%
Daily decrease, 

CV%
Exit volume, CV%

MCV (fL), change 
(%)

RDW%, change (%)
Lifespan (days), 

change (%)

5 5 5 90.2, 0 11.6, 0 114, 0

20 5 5 94.3, +5 18.2, +57 108, −5

5 20 5 90.2, +0 11.6, +0 112, −2

5 5 20 86.6, −4 15.1, +30 115, +1

The mean levels of inputs were constant RBC entry volume =110 fL, RBC exit volume =73 fL, daily volume loss =0.0037%. CV, coefficient 
of variation; RDW, red blood cell distribution width; MCV, mean cell volume.
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need a basic input of materials and energy to manipulate 
them. Building complex molecules and structures from 
simpler materials demands large amounts of energy, 
organisation and regulation. When muscle protein is built 
from simpler compounds, only 42% of the energy goes 
into the final muscle molecules, the other 58% is spent on 
finding, selecting and combining the raw materials and is 
eventually lost as heat (19,20,21). RBC are more complex 
that muscle proteins, so the efficiency is probably less and 
the need for tight regulation greater. The complexity of 
the process suggests that decrease in regulation would have 
a large effect on the input. By contrast, the breakdown of 
complex structures is a simple process that needs minimal 
energy (16) so is less influenced by outside sources. External 
factors such as disease, toxins, or lack of raw materials or 
lack of energy are therefore more likely to affect RBC 
formation than their reduction in size and exit from the 
circulation. It may be no coincidence that the main effect 
of an episode of hypoxia is on RBC formation (7). Our 
model also shows that an increase in randomness in RBC 
formation produces a greater increase in RDW than 

equivalent increasing randomness on exit volumes or rate 
of volume loss. In general, it is likely that disease and other 
physiological stresses decrease levels of regulation, the 
resulting in an increase in randomness and a consequent 
increase in the variation of the output, measured as the 
RDW which is a combination of the three input processes 
used in our model RDW.

Another finding supports the hypothesis of varying 
levels of regulation. The normal level of the RDW varies 
with age (see Table 6) (22-24).The levels differ between 
different laboratories, but within each series the trend is clear 
and consistent. The RDW is very high in the early fetus, 
decreases throughout later fetal life and childhood, remains 
low during early and middle adult life, then increases again 
in old age. These changes are consistent with increasing 
efficiency of biological regulation in early life, then a period 
of stability followed by a gradual loss of regulation in old age. 

Computer models have an undeserved reputation for 
producing useful results. Their only role is to generate new 
hypotheses, then to check these against known data, and, 
if they pass that test, suggest experiments to verify these 
new hypotheses with new data. The model should be based 
on sound scientific principles and knowledge. Predictions 
that do not match future experimental results show the 
limitations of the model. If there are many mis-matches 
then the model is not useful. If the predictions cannot 
be tested, then the model has little value. Our model can 
explain some existing data, but to be valid must correctly 
predict the results of new experiments.

RBC have many features that make them suitable for 
the study of biochemical regulation. They are complex 
structures, so their formation is susceptible to dysregulation, 
they are short lived, so respond rapidly to change, there are 
readily available methods to get numerical data about their 
properties and finally there is a vast source of data already 
and potentially available.
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Table 6 Published RDW% level at different ages (22-24)

Age range
Mean, 
RDW%

Change from 
previous level (%)
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1–6 months 13.8 −1.3
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<18 years 12.1 0.0

18–40 years 12.2 +0.1

41–55 years 12.2 +0.0

56–70 years 12.3 +0.1

71–85 years 12.6 +0.3

>85 years 12.8 +0.2

RDW, red blood cell distribution width.
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Supplementary 

Appendix 1 The model

The program for the model is written in one of the BASIC 
family of languages. It is very simple and available on 
demand. It takes one red blood cell (RBC) at a time. Before 
each cell enters the circulation, it is given values for the 
volume on entry, the daily loss of volume as a fraction of the 
current volume and the cell volume that triggers removal 
from the circulation. The change in volume is calculated 
day by day from entry to exit and the daily volume recorded. 

To get means and ranges of values, a number of RBC, 
usually 200, were run at a time. The mean cell volume 
(MCV), red blood cell distribution width (RDW) and the 
mean lifespan are calculated from these data. In addition, 
the distribution of cell sizes in the circulation, as commonly 
shown on modern haemocytometers, is calculated and 
shown. The range of RBC lifespans is also shown. The 
model has a random factor to allow for differences between 
cells. It means that successive runs of the model have 
slightly different outputs.


