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Abstract
Increasing levels of aneuploidy of the sex chromosomes in human lymphocytes with age have been noted for several
decades. The percentage of chromosome Y loss can reach up to 1.5% or even more, whereas the levels of X0 cells in females
can increase up to 5% with age. Here, I propose simple mathematical models of the dynamics of ‘normal’ sex chromosome
loss with age. These exponential models provide more mechanistic insights than linear regressions. They account for the
lower incidence of sex chromosome loss in young individuals and its increase with age. Moreover, the exponential models
show that aneuploidy of the sex chromosomes provides a selective advantage. As there are no longitudinal data available (for
the same individual at different time points), the parameters reported here are average values derived from a population.
Hopefully, this study will stimulate further work based on next-generation technologies to obtain better estimates of sex
chromosome aneuploidy and of the parameters of the models discussed here.

Introduction

An increasing aneuploidy in human lymphocytes with age
has been noted since the 1960s [1], which has been con-
firmed particularly for the sex chromosomes [2, 3]. The
most complete dataset available on the loss human X and Y
chromosomes used in situ hybridization to determine the
frequency of aneuploidy in both males and females [3]. A
total of 1000 lymphocyte interphase nuclei were screened
per individual, for 90 females and 138 males of different
ages. The percentage of chromosome Y loss was found to
rise from about 0 up to 1.5% with age. A plot of the pro-
portion of sex chromosome loss (F) versus age (t) was
described by a straight line of the form F= at+ b. In
females, the initial levels of X0 cells were higher and
increased up to 5% with age. On the contrary, the frequency
of autosomal loss did not change with age. Aneuploidy of
the sex chromosomes probably reflects a loss at the level of
lymphopoietic stem cells, which is subsequently detected in
circulating cells [3].

The loss of the Y chromosome has also been observed
in hematological malignancies. A study involving leu-
kaemic or preleukaemic male patients showed that 3.4%
had a 45,X0 clone in their bone marrow, a phenomenon
called clonal hematopoiesis (CP) [4]. CP is also associated
with increased mortality, hematological malignancy,
and Y-chromosome loss [5]. Along similar lines, the
analysis of elderly men found an association between the
loss of the Y chromosome in leukocytes and the risk of
mortality both, in general, and from non-hematological
cancer [6].

Below, I present mathematical models of the dynamics of
‘normal’ sex chromosome loss with age. Such mechanistic
models are very simple and can thus be used both in
research and teaching settings. I hope this analysis will
stimulate the production of data based on next generation
technologies that will help to obtain a better quantitative
estimation of X and Y chromosome aneuploidy.

Methods

As there is no longitudinal data of sex chromosome loss for
the same individual, I use published population data (for
many individuals with different ages) to test the exponential
models developed below. A total of 123 pairs of values (age
and proportion of aneuploid cells), representing as many
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male individuals, were obtained from ref. [3] for the loss of
Y chromosome. Regarding X loss, 89 pairs of values (age
and proportion of X0 cells) were obtained from ref. [3]. As
data were displayed in graphical form, the numerical values
were extracted using the software WebPlotDigitizer at
https://automeris.io/WebPlotDigitizer/. Nonlinear curve fit-
ting was performed using the least square methods at http://
statpages.info/nonlin.html.

Results and discussion

The dynamics of euploid (XY) and Y-aneuploid (X0)
cell sub-populations can be described by the following
equations:

dXY
dt

¼ kXYXY � δXYXY � klXY ; ð1Þ

dX0
dt

¼ klXY þ kX0X0� δX0X0; ð2Þ

where XY and X0 are the numbers of cells carrying the Y
chromosome or not, respectively. The constants kXY and kX0
represent (probably stem) cell proliferation rates for the
corresponding cell types, kl stands for the specific rate of
loss of the Y (i.e., initial production of X0 cells) and the δ
constants encapsulate information on the specific death rates
of the corresponding cell sub-populations. As the proportion
of X0 cells is low in apparently normal individuals, we can
simplify the mathematical treatment by considering that the
population of XY cells remains unchanged. This quasi-
steady-state assumption is represented by dXY/dt= 0 in
Eq. 1 and is essential to remove parameters which would
have been difficult to estimate. A reader not familiar with

mathematical models can directly go to Eqs 3 and 4 and
their discussion.

The solution of Eq. 1 implies that XY= k (constant), if
we tolerate 2% of error for the number of XY cells at old
ages. By virtue of this simplification, Eq. 1’ becomes:

dX0
dt

¼ klk þ kX0 � δX0ð ÞX0 ð1Þ

After simplifying the notation by making (kX0 −δX0)= k’,
Eq. 1’ can be easily integrated as follows:

X0 ¼ cek′t � klk

k′
ð2Þ

As previously shown [3], X0= 0 at t= 0. To satisfy this
condition, c= klk/k’. As XY»X0, we can consider that XY+
X0 is simply XY= k. Thus, the fraction F of X0 cells can be
calculated as follows:

F¼ X0
XY þ X0

¼
klk
k′ ek′t � 1
� �

k
¼ kl

k′
ek′t � 1
� �

; ð3Þ

The model captured by Eq. 3 will be henceforth called the
‘exponential model’. It clearly shows that the increase of the
proportion of X0 lymphocytes with age directly depends on
their specific rate of appearance kl and in a more complex
way on k’, which appears in the denominator of the constant
term kl/k’ but also in the exponential term. The positive
impact of k’ in the exponential term outweighs the negative
impact in the denominator. Thus, individuals with higher k’
(for the same kl) will have a greater fraction of aneuploid
cells at each time point (Fig. 1).

As mentioned above, F versus age can be represented by
a ‘linear model’ F= at+ b, where a is a constant without
any clear mechanistic meaning. Moreover, it leads to a

Fig. 1 a Plot of F of Y loss versus age for 123 data points obtained
from ref. [3]. The solid line corresponds to the one predicted by the
exponential model. The dotted line corresponds to the regression line
F= 0.00015t+ 0.001. The insert corresponds to curves for kl=
0.0001 and k’= 0.005 in gray and 0.009 in black. b Plot of F of Y loss

versus age where each point corresponds to the average of three ori-
ginal data points calculated with a sliding window. This decreases the
scattering and is displayed only to help the reader to better appreciate
the non-linearity
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negative value of b= F0 (i.e., at-birth F, Fig. 1). Eq. 3 fits
data better than the straight line for the same number of
parameters as it provides a smaller sum of the squared errors
(i.e., the difference between the observed and predicted
values), which is a measure of the goodness of fit. However,
its main advantage is to provide mechanistic insights. For
instance, if we calculate the slope of the tangent of the curve
for t= 0 in Fig. 1, we find that it corresponds to klk’/k’, that
is, kl. This value (kl= 0.00011) is close to a= 0.00014 from
the linear model, yet nothing in the linear model indicates
that a≈kl. The disparity between the values is explained by
the fact that according to the exponential model, the rate of
Y loss is slower at young ages and is predicted to increase
with time. Thus, a slope of the linear model computed over
the whole data set would be higher that than of that of the
tangent at t= 0. To avoid dealing with the negative value of
F0, which has no physical meaning, we can consider
another linear model, F= at. In this case, the goodness of fit
is even lower than for F= at+ b. Indeed, the exponential
model is 43 times more likely to be correct than F= at
(according to the Akaiké Information Content criterion),
which is corroborated by a Fisher’s-test (p < 0.002). The
exponential model explains both the observed low inci-
dence of Y chromosome loss in boys and the faster increase
with age, as noted in ref. [3].

According to the exponential model, the specific rate of
production of X0 stem cells is kl= 0.00011. Whereas the
difference between the specific rates of proliferation and
death of X0 cells is k’= 0.0077. These subtleties (i.e.,
production of X0 cells and their net proliferation) are absent
from the linear model. According to our assumption of
steady-state for the XY cells, kXY-δXY≈kl= 0.00011. If we
compare this value with k’= kX0-δX0= 0.0077 for the Y-less
cells, we immediately see that losing the Y chromosome
provides a selective advantage. The net proliferation capa-
city X0 cells can be estimated at about 70 (i.e., 0.0077/
0.00011) times that of euploid cells. However, the former
do not invade the population because they are produced at a
very slow pace (kl) even if, in pathological conditions, their

presence and consequences can be notorious [4–6]. A
selective advantage of X0 cells has been suggested to
explain why a 46,XX/45,X0 girl diagnosed at 10 years of
age showed no evidence of 46,XX cells in her tissues
analyzed at 25 [7]. Lifestyle is also likely to have an impact
of sex chromosome loss. For instance, smoking is asso-
ciated with the loss of the Y in blood cells to levels much
higher than those discussed above [8].

We can now turn to explore what happens in the case of
the loss of one X chromosome. The first thing worth noting
is that data in females show that a proportion of X0 cells is
already present at very young ages (Fig. 2). Thus, we have
to simplify Eq. 2 otherwise, for instance, by neglecting kl/k’
and by tolerating 5% of error regarding the number of XX
cells at old ages. Thus, F can be calculated as follows:

F¼ X0
XX þ X0

¼ cek′t � klk
k′

k
¼ cek′t

k
� kl
k′

¼ F0e
k′t ð4Þ

The plot of F versus age has also been described by F= at+
b (Fig. 2). Again, Eq. 4 provides a better fit and mechanistic
explanations. The tangent of the curve at t= 0 is F= F0*k’t
+ F0. This translates into F= 0.0002t+ 0.0192, which is not
far from the equation of the regression line F= 0.0004t+
0.0169. The explanation for the difference in the slopes is the
same as above for the X0 cells in an XY background. It is
tempting to estimate the degree of proliferative advantage of
X0 cells as done above in an XY context. Although, kl has
disappeared from the most simplified form of Eq. 4, we can
still obtain an estimate using a less simplified one. However,
such an estimate would be less reliable than that for the loss
of the Y. This is due to the number of parameters to be
estimated and to the greater dispersion of the data points
because of the difficulty in scoring of XX and X0 nuclei due
to overlapping FISH signals.

The selective advantage of X0 cells might result from the
haploinsufficiency of genes encoding negative regulators of
cell proliferation and containing expressed homologs on
both sex chromosomes (XY) or its copies (XX) or to the loss
of potential Y-specific tumor suppressor genes. In line with

Fig. 2 a Plot of F of X loss
versus age for 89 data points
obtained from ref. [3]. The solid
line corresponds to the one
predicted by the exponential
model. The dotted line is a
regression line F= 0.0004t+
0.00169. b Plot of F of X loss
versus age where each point
corresponds to the average of
four original data points
calculated with a sliding window
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this, it is known that ZFY and UTY have properties of tumor
suppressors and have homologues on the X that escape
inactivation [9]. TMSB4Y is another candidate tumor sup-
pressor on the Y, which is deleted in male breast cancer [10].

Before closing, it is worth mentioning some of the lim-
itations of this analysis. As there is no longitudinal data
available, the parameters obtained are average values
derived from a population of different individuals. Current
data show great dispersion and interindividual variation is
expected. Moreover, the proportion of X chromosome loss
being higher than that for the Y leads to less accurate pre-
dictions due to our simplifying approximations. Thus, fur-
ther studies using up-to-date technologies are required to
obtain a better appraisal of age-related sex chromosome
aneuploidy and its effects.
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