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Abstract

The questions of how healthy colonic crypts maintain their size, and how homeostasis is disrupted
by driver mutations, are central to understanding colorectal tumorigenesis. We propose a three-type
stochastic branching process, which accounts for stem, transit-amplifying (TA) and fully differentiated
(FD) cells, to model the dynamics of cell populations residing in colonic crypts. Our model is simple in its
formulation, allowing us to estimate all but one of the model parameters from the literature. Fitting the
single remaining parameter, we find that model results agree well with data from healthy human colonic
crypts, capturing the considerable variance in population sizes observed experimentally. Importantly, our
model predicts a steady state population in healthy colonic crypts for relevant parameter values. We
show that APC and KRAS mutations, the most significant early alterations leading to colorectal cancer,
result in increased steady-state populations in mutated crypts, in agreement with experimental results.
Finally, our model predicts a simple condition for unbounded growth of cells in a crypt, corresponding
to colorectal malignancy. This is predicted to occur when the division rate of TA cells exceeds their
differentiation rate, with implications for therapeutic cancer prevention strategies.

1 Introduction

The epithelial inner surface of the human colon exhibits about 107 to 108 column-like invaginations [1],
called crypts, each one of which contains ~ 2000 cells [2, 3]. In order to maintain their total size, mature
colonic crypts are in homeostatic steady-state, where the cell proliferation in the lower part of the crypt is
in equilibrium with the cell loss due to apoptosis [3, 4, 5]. Depending on their proliferation capability, cells
in colonic crypts are identified as stem, transit-amplifying (TA), or fully differentiated (FD) [4, 6]. In the
base of the crypt column resides a small population of stem cells [1, 7], which can divide and produce cells
that are transit amplifying. Cell proliferation in colonic crypts is largely maintained by the TA cells. TA
cells divide rapidly as they migrate upward, towards the crypt lumen [8]. After undergoing several rounds of
divisions [9], they lose their proliferation capability, resulting in fully differentiated cells [10, 11]. Finally, FD
cells undergo apoptosis and are shed into the intestinal lumen [5, 12]. Except for stem cells, epithelial cells
reside in the crypt only for a few days, making the intestinal epithelium one of the most rapidly renewing
tissues in the human body.

So far, many models have been proposed for the cell population dynamics in a crypt [13], with a lot of
works focusing on stem cell dynamics in particular [14]. Cell population models for crypts broadly fall into
two categories: spatial and compartmental models. Spatial models are based on the fact that the proliferation
capability of each cell diminishes gradually as it moves upwards in the crypt, and they typically take the
stochasticity of cell dynamics into account [3, 15, 16, 17, 18]. The main drawback of spatial models is their
high level of complexity, since they may include the cell proliferation gradient along crypt’s vertical axis [3, 15],
a detailed description of the cell mitotic cycle [16, 17, 18], cell mobility [17] or Wnt signalling [18]; however for
the parameters of these processes, estimation from experimental measurements is not straightforward. Thus,
spatial models are particularly useful in deducing qualitative results or testing different hypotheses concerning
the mechanisms of cell dynamics, rather than making quantitative predictions for the cell populations in a

crypt.
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Figure 1: Schematic representation of cell populations and cell dynamics in a colonic crypt.

Compartmental models, on the other hand, do not make use of the spatial character of cell proliferation,
describing instead the progression of cells through the different compartments that constitute the total cell
population in a crypt. Most of compartmental models are deterministic [4, 19, 20, 21], and thus cannot
capture the variability in cell populations within the crypt, which is significant [2, 3, 15, 22]. Compartmental
models have been mainly employed to describe the mechanisms in cell population dynamics that result in
homeostasis, their stability, and possible ways they can be disrupted resulting in tumorigenesis [2, 4, 23]. Of
particular interest are feedback control mechanisms between different populations of cells [2, 4, 21]. However,
most of the results are qualitative, since the values of model parameters remain unspecified [4, 21, 23]. More
detailed compartmental models may contain more compartments corresponding to different phases of cell
cycle [19, 24], or incorporate both stochasticity and control networks between the different cell compartments
[2]. However, most of their parameters are not estimated directly from experimental measurements; rather,
parameter values are adjusted so that model simulations are able to reproduce experimental data, such as
the distribution of proliferative cells along the crypt axis, or the averages and variances of cell populations
in a crypt.

In the present work, we propose the branching process depicted schematically in Fig. 1, as a new stochas-
tic model for cell dynamics in a colonic crypt that i) is minimal and simple in its formulation, which allows
us to directly estimate all model parameters except for one, ii) is able to model the cell population dynamics
in both healthy and mutated colonic crypts, iii) its solution is obtained analytically. More specifically, for
healthy crypts, our model explains both the attainment of homeostatic steady-state and the variability in
cell population sizes from crypt to crypt. Furthermore, our model describes the increase in size of mutant
crypts [22], by considering the effects on cell properties of the most common mutations found in early stages
of colorectal tumorigenesis, such as APC and KRAS [25, 26, 27]. Its analytic solution is another signifi-
cant aspect of the model, as it provides a simple mathematical description of the homeostatic mechanisms
inside a colonic crypt and the disruption thereof, shedding light on the mechanisms that result in colorectal
tumorigenesis.

Branching processes have been used to model cell population dynamics [28], with applications in the study
of mutation acquisition in cancer progression [29, 30, 31, 32], tumor progression and ctDNA shedding [33],
and epidermal homeostasis [34]. In particular, epidermal homeostasis was successfully described by using
an exactly solvable, two-type branching process for cell dynamics [34, 35]. Our model is another example
of describing a homeostatic mechanism in healthy tissue by a branching process. From its solution, we are
able to determine the steady-state distributions of different cell population sizes in a crypt, as well as exact
formulas for their averages and variances.

For the model parameters of stem cell number, stem and TA cell division rates and FD cell apoptosis
rate, we use typical values found in the literature on healthy human colonic crypts. Since no such direct
value estimation was found for TA differentiation rate into FD cells, we estimate it from the average crypt
size observed in humans. While we estimate only one parameter using the average crypt size, our model
predicts distributions for TA, FD, and total cell populations that are in good agreement with experimental



data [2, 3], encapsulating the stochasticity of cell dynamics in a crypt. We also consider the changes in values
of model parameters, resulting from the APC and KRAS mutations that are commonly found in early stages
of colorectal tumorigenesis. We show that our model is able to capture the changes in size and population
structure of mutant crypts demonstrated experimentally.

2 Model

We propose a continuous-time branching process with three types, corresponding to stem (S), transit-
amplifying (TA) or fully differentiated (FD) cells, to model population dynamics in a colonic crypt. In
this stochastic model depicted in Fig. 1, cells undergo divisions, differentiations and apoptoses with constant
rates but at random times. We describe this branching process by the rate equations
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In the model, the number Ny of stem cells per crypt remains constant, since we consider that stem cells only
divide asymmetrically with rate r, producing one stem and one TA cell. Recent research [1, 36] has challenged
the previously held position that stem cells divide predominantly asymmetrically. Each stem cell is thought
to divide symmetrically into two daughter stem cells most of the time, with asymmetry being controlled on
the population level: Stemness is a property of cells residing in the stem cell niche in colonic crypt base
[37, 10], and each symmetric division results in one surplus stem cell being pushed upwards, differentiating
into a TA cell [38, 39]. This mechanism results in the tight regulation of stem cell numbers per crypt, which
in turn allows us to assume, in our model, that stem cells effectively undergo asymmetric divisions, as each
stem cell division ultimately results in one new TA cell.

The proliferating compartment of the crypt consists mainly of the TA cell population. TA cells are
rapidly-cycling, undergoing a number of cell divisions before their final differentiation [6]. In our model, TA
cell behavior consists of symmetric division with rate A, or differentiation into an FD cell with rate d. Note
that cell proliferation capability depends on the location of the cell along the crypt axis, since it is controlled
by signaling factors whose concentration decreases as cells move away from the crypt base [1]. Thus, in our
model we assume that TA differentiations occur independently of TA divisions [40].

Last, FD cells, having lost their proliferation capability, can only undergo apoptosis with rate ~.

2.1 Average sizes of cell populations and condition for homeostasis

We formulate a system of ordinary differential equations that describes the time evolution of average popu-
lation sizes of TA and FD cells, denoted as mra (t) and mpp(t) respectively:

mipa (t) = rNo + (A — d)mra(t)
m%D (t) = dmra (t) — YMFD (t)

(2)

Under condition
d> A, (3)

and regardless of the initial cell populations, system of equations (2) attains a steady state; that is, for large
times that exceed the cell turnover timescale, the average TA and FD cell populations remain constant and

equal to
r N, d
=2, mpp= MULLS (4)

Thus, under condition (3), the crypt maintains a finite size, which, on average, is equal to

T rd
Niot = Ny = |1 Np.
tot 0 + mTa + MmrD er_)\Jr,y(d_/\) 0

(5)

On the other hand, if condition (3) is violated, system (2) predicts an unbounded growth of both TA and
FD cell numbers. Thus, stationarity condition d > X provides us with a simple description of the homeostasis



for crypt size: In order for the crypt to maintain its finite size, TA cell division has to be regulated, with TA
division rate A being less than rate d of TA differentiation into FD cells. While we derived the stationarity
condition for the averaged Egs. (2), it is also the stationarity condition for the stochastic population model

(1).

2.2 Probability distribution for number of TA and FD cells

Moving now to the stochastic setting of model (1), we explicitly determine the exact steady-state probability
distribution for the number of TA cells per crypt: For large times, the number of TA cells follows a generalized
negative binomial distribution, with the number of successes being rNy/\ and success probability (d — \)/d
(Supplemental Material, section S3). In other words, probability that the number of TA cells is equal to ny

is given by N/
[(ny 4 (rNo/X) (d—XA\""° A\
P = - - 1 2 ...

" n1T(rNo/\) d 7)) =012, (6)

where I'(+) is the gamma function. The average number of TA cells, as calculated from distribution (6),
agrees with the result (4) we obtained from the averaged deterministic problem, while the variance of TA
cell population reads

rdN
Ung = ﬁ~ (7)

Note that, Dewanji et al. [41] have identified negative binomial distribution as the solution to a similar cell
population problem, albeit for normal/mutant bacteria in a generalized Luria-Delbriick model.

Furthermore, by making use of FD cell dynamics, in combination with the known distribution P, for the
TA cell population, we formulate the following approximation for the steady-state distribution of the number
ng of FD cells (see Supplemental Material, section S4):

o p [/ g,
Pn2 ~ Z Pane dll/’y. (8)
n1:0

Approximation (8) is easily computable, and we show its accuracy in Fig. 3, for model parameters corre-
sponding to healthy human colonic crypts.

2.3 Probability distribution for total number of cells in a crypt

In order to determine the steady-state distribution of the total number of cells per crypt, we formulate and
solve the Kolmogorov equation corresponding to branching process (1) (Supplemental Material, section S5).
From its solution, we derive the exact distributions for TA, FD and total cell populations in a crypt (Sup-
plemental Material, section S6). The exact distributions for cell populations agree with the results obtained
from direct Gillespie simulations of the model (Supplemental Material, Fig. S1).

From the exact solution, we derive closed form formulas for the variance for the number of FD cells

OFD = \

a + a?(a+1)

-2 2 o] o)

where o = (d — \)/7y, B = Ad/~?, and the covariance between the TA and FD cell populations

Cov(TA,FD) = (10)

2
—————— 07 -
y+d-\TA
From these results and the variance of TA cell population, we calculate the variance of the total cell population
in a crypt:

2 _Ytd+A 4

Tiot = g 20 TA + pp- (11)
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Figure 2: Crypts can maintain homeostatic size distribution under varying apoptosis rates.
Steady-state probability distributions of TA, FD, and total cell populations in colonic crypts, for different
apoptosis rates v, determined by the solution of branching process (1). Values for parameters Ny, r, A are
described in Section 3, and d is adjusted to keep the average crypt size constant.

2.4 Maintaining homeostasis under different apoptosis rates

Apoptosis rate of FD cells 7 is the parameter with the greatest uncertainty in the model; estimations for
FD cell lifespan may vary between 1 to 6 days [42]. Our model is able to efficiently attain homeostasis (i.e.
maintain a constant crypt size distribution) for different FD apoptosis rates v, by adjusting TA differentiation
rate d. To show this, we consider different values for ~, and for each one of these we adjust d so that the
average crypt size stays ~ 2400 cells. We see in Fig. 2 that this adjustment in d results not only in keeping the
average crypt sizes constant, but also leaves the crypt size distribution effectively unaltered. This is achieved
by the simultaneous adjustment of the distributions for TA and FD cells: An increase in apoptosis rate ~
results in an increase in the average size and variance of TA cell population and a simultaneous decrease in
the FD cell population, while a decrease in v has the opposite results. These changes in TA and FD cell
populations are in agreement with the remark by Potten and Loeffler [43] that a large TA cell population is
needed when cell turnover is high, i.e. for increased apoptosis rates +; if v is low, the tissue could in principle
be maintained with just stem and FD cells.

3 Comparison of model results to experimental data

Parameter values. For the comparison to data, we calibrate model (1) with parameter values from the
literature that are typical to human colonic crypts. Unfortunately, model parameters have been determined
more precisely for murine and not human colonic crypts, since most of the experimental studies have been
performed on mice. In murine colonic crypts, by identifying that Lgr5™ crypt base columnar cells fulfill the
stemness criteria, stem cell number has been experimentally determined to ~15 [38]. For human crypts, the
stem cell number estimations are similar or slightly higher than the ones reported for mice, i.e. between 15
and 20 cells [44, 37, 2, 9]. For example, the modal value of stem cells in human crypts is estimated between
15 and 20 stem cells by methylation pattern analysis [9], and an average of 18.7 stem cells has been reported

Table 1: Comparison of sizes of cell populations in healthy human colonic crypts from model and experi-
mental data.

Cell type Average | Variance CV%*
TA cells (data) 608.9 5.5-10% 38.4
TA cells (model) 618.1 4.3 - 10% 33.6
FD cells (data) 17682 | 1.9.10° 24.6
FD cells (model) 1756.0 | 3.3-10° 32.8
total number of cells (data) 2392.1 | 2.4-10° 20.5
total number of cells (model) | 2392.1 | 6.0-10° 32.5

*Coefficient of variation (CV%) is the ratio of the standard deviation to average,
expressed as percentage.



from human biopsy specimens by using biomarkers that stain the active stem cells in a crypt [2]. Thus,
for our model, we use the value Ny = 18. Stem cell division rate r has been determined to once a day for
mice [10, 8], possibly under the influence of circadian factors [45]. In humans, colonic stem cells divide once
every 2-3 days [27, 46]; this estimation is determined from an in vivo bromodeoxyuridine labeling of cells in
human colonic crypts [47, 48]. Thus, we consider the value r = 1/2.5d~1. In mice, it has been determined
that TA cells divide every 12 to 16 hours [45, 6, 25], taking approximately half as long for each of their
cycles compared to stem cells [8]. For the human colon, the cell cycle in the mid-crypt section, where the
proliferative cells reside, is estimated to 30 hours, via the experimental determination of the labeling index
along the crypt axis [47, 48, 49]. From this, we use A = 1/30h~! for the division rate of TA cells. In the
same studies [47, 48, 49], the mean turnover of FD cells has been determined to 3.5 days, with a estimated
variability from 2.8 to 5.6 days. In a more recent meta-analysis [42], estimates typically fall in the 1-6 days
range for colorectal differentiated cells. Additionally, from an estimated renewal rate of about 100 times per
year for the FD population in the colonic crypt, the FD lifespan has been inferred to ~3-4 days [50]. Thus,
we consider v = 1/3.5d~! as the apoptosis rate for FD cells.

Last, we found no direct estimation in the literature for the rate d of TA cells differentiation into FD cells.
We treat d as a fitting parameter for our model, so that the average total size Ny of the crypt is ~ 2400
cells, matching experimental observations [2, 3]. This is performed by using Eq. (5) for average crypt size,
resulting in the value d = 0.0338h~!. A similar fitting has been performed for a deterministic compartmental
model for cell dynamics in hematopoiesis [20].

We compare our model predictions with the data from 49 colorectal crypts obtained from human biopsy
specimens [2, 3]. In Table 1, we compare results for average sizes and variances of TA, FD, and total cells
per crypt, to the corresponding values from the experimental data set. In Fig. 3, we show the model results
for probability distributions of cell populations, along with the histograms of the experimental data, and we
observe that they are in good agreement. More specifically, by performing the chi-square goodness of fit test
at 5% significance level (Supplemental Material, section S7), we find that the data are consistent with the
distributions predicted by our model. The agreement between the theoretical predictions of the model and
the size distributions of the three cell populations (TA, FD and total number of cells) is all the more striking
if we recall that it relies on fitting only a single parameter.

The main discrepancy between our model results and data from [3] is the correlation between the TA and

FD cell populations. Pearson’s correlation coefficient, as calculated from data, is p%‘x}D = —0.01, while the

model predicts p%}ﬁ?}) = 0.97. The observation that numbers of TA and FD cells are uncorrelated has been
attributed to a feedback mechanism in cell population dynamics [2]. In our model, the correlation between
TA and FD cell populations can be reduced significantly if we allow apoptosis rate v to vary randomly from
crypt to crypt. More specifically, by considering FD cell lifespan in each crypt to follow a continuous uniform
distribution between 1 and 6 days (thus having an average of 3.5 days), and keeping the average crypt size
constant, correlation coefficient is reduced to pta rp = 0.28, while the cell population distributions stay close
to the experimental data. Moreover, the distributions for FD and total numbers of cells, as predicted by the
model for constant and varying =y, effectively coincide (see Supplemental Material, Fig. S2).

On the other hand, the proportional growth between total crypt size and the proliferative cell compartment
has been experimentally observed [51], and has also been incorporated in spatial crypt models [15]. This
experimental result is in agreement with the positive linear dependence between TA and total cell population
in our model. The reason for such potentially conflicting experimental results could potentially be the
identification of proliferating cells as the cells that are Ki67 positively staining [3]; Ki67 staining is not a
perfect differentiator between TA and FD cells, since some TA cells may not be stained due to the cell-cycle
phase they currently are, and thus counted as FD cells [52].

3.1 Insights into the number of stem cells in crypt

Before turning to study the effects of driver mutations, we discuss the implications of our model on the
potential numbers of stem cells in healthy human colonic crypts. We note that there is an ambiguity in the
field regarding the number of stem cells per crypt, since lower values for Ny around 5 have been reported
[53, 54, 27]. We employed our model to investigate if it can provide insight into the likely stem cells number
in a crypt. For Ny = 5, our model predicts distributions for cell populations that are not in agreement
with experimental data (Supplemental Material, section S7 and Fig. S3); chi square goodness of fit test at
a 5% significance level disproves the hypothesis that experimental data for FD and total cell populations
are consistent with the distributions from model results with Ny = 5. Importantly, for Ny = 5, our model
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Figure 3: Comparison between experimental data and model results. Steady-state probability
distributions of TA, FD, and total cell populations in healthy human colonic crypts. Histograms represent
experimental data [3]. Purple curves are the exact distributions determined by the solution of branching
process (1), for parameters values that correspond to healthy human colonic crypts: Ny = 18 cells, r =
1/2.5d71 A =1/30h~t, v = 1/3.5d71; d is adjusted so that Nio ~ 2400 cells. The explicit formula (6), and
the approximate formula (8), for TA and FD cell populations respectively, are denoted by circles in the first
and second panels.

predicts coefficients of variation (CV) for all cell populations ~63% This is significantly higher than the values
of CV calculated from experimental data (Table 1). Thus, our model results corroborate the experimental
findings that there are ~ 18 stem cells per crypt [3, 2].

4 Effects of driver mutations on population dynamics

Having described the steady-state of healthy colonic crypts, we now use model (1) to determine the size and
composition of mutated crypts in early stages of colorectal tumorigenesis, i.e. after the acquisition of certain
genetic driver mutations such as APC and KRAS. APC inactivating mutation is sufficient for the initiation
of early colorectal adenomas [55], and is present in ~ 80% of human colorectal cancers [56], resulting in the
increase in proliferating cell compartment and the total crypt size [57, 58]. KRAS activation [59] is present in
~ 40% of human colorectal cancers and large adenomas [60], while it is often detected in human hyperplastic
polyps [61]. Despite the structural alterations, mutated crypts retain the cell hierarchy described for healthy
crypts [6, 25, 27].

The main effect of Kras mutation is a 60% increase in stem cell division rate [25], while the number of
stem cells per crypt remains unaffected [60]. This increase in stem cell division rate translates to a 60%
increase in TA and FD cell populations in our model, and thus a ~ 60% increase in total crypt size. This
prediction is close to the ~ 65% increase in crypt area observed experimentally [22] for human hyperplastic
polyps, and the ~ 80% increase in the number of proliferating cells per crypt reported [60] in Kras-mutant
crypts.

APC inactivation has been shown to result in the overpopulation of stem cells in the crypt [19, 27, 62, 63],
without an increase in the stem cell division rate [62, 64]. By employing measurements from experiments
and a model for stem cell dynamics, it has been inferred that crypts with APC inactivation have, on average,
1.6 times more stem cells compared to wild type crypts [27, 62]. Thus, for crypts with APC inactivation,
we consider ~28 stem cells. In our model, the average numbers of TA, FD and total cells per crypt are
proportional to the number of stem cells, and thus a 60% increase in stem cell numbers results in 60% increase
in the size of TA and FD cell compartments, as well as the total number of cells in a crypt. Experimentally,
a proportional increase up to 100% has been observed in both the TA compartment size and total crypt size
as a result of Apc inactivation [65].

Last, it has been experimentally observed [22] that the difference in the average number of mitoses per
area between healthy human crypts and crypts from hyperplastic polyps and adenomas is not significant.
Non-elevated mitotic index has also been reported for Apec-deficient crypts [65]. The average number of
mitoses per area is expressed equivalently as the average ratio of proliferating cells to total number of cells,
which, in our model, is approximated by mTa /Niot & mra/(mTa + mep) = v/(d + 7). Since the values for
d and vy remain unchanged, our model predicts the same number of mitoses per area for both healthy and
mutant crypts, in agreement with the experimental results.



5 Discussion

In this work, we present a multitype branching process model of cell population dynamics in colonic crypts.
The simplicity of model formulation, along with its analytically obtained exact solution, provides insight
into the the process by which both healthy and mutated colonic crypts maintain their size. For our model
calibration, the only parameter fitting performed is for TA cell differentiation rate d; the remaining parameter
values are estimated directly from the relevant literature. More specifically, we estimate d so that the average
crypt size predicted by our model coincides with the experimental data. It is noteworthy that this fitting
based only on average crypt size results in the predicted probability distributions for TA, FD and total cell
populations to agree with experimental data.

Furthermore, the model’s stationarity condition for finite crypt size is simple, d > A, and can also be
interpreted as a criterion for malignancy in the process of colorectal carcinogenesis; our model predicts
unbounded growth in cell numbers when the acquired mutations result in unregulated divisions of TA cells,
with division rate A\ exceeding their differentiation rate d. Indeed, in this model, homeostasis is achieved
by adjusting the differentiation rate of TA cells. Another aspect of this homeostatic mechanism is that, for
varying apoptosis rates, the crypt size distribution stays the same by adjusting the value of d.

Condition d > A is also satisfied by the crypts in premalignant adenomas: In adenomatous crypts, the
disruption of homeostasis results in larger yet finite crypt sizes. However, since adenomas undergo slow clonal
expansions, possibly via crypt fission [1], adenomatous crypts can be best described not as stationary but as
quasi-static. We should note that, in its present form, this model does not account for the crypt fission and
loss; the incorporation of crypt fission and loss is an important direction for future work towards a better
description of the expansion of the premalignant adenomas.

A limitation of our model is the assumption that the number Ny of stem cells is the same in all crypts.
We note that values of 15 to 20 stem cells per crypt have been reported [44, 37]. Similarly, in murine crypts,
a variation of ~14% in stem cell number from crypt to crypt has been reported [38]. We compare our model
results with constant Ny = 18 for all crypts, to results where Ny is allowed to randomly vary from crypt
to crypt, with Ny = 15 — 21. The averaged cell population distributions for varying Ny coincide with the
respective distributions for constant Ny (Supplemental Material, Fig. S4).

Another limitation of the model is that it presupposes the existence of homeostatic mechanisms responsible
for maintaining the number of stem cells in the crypt [38, 25, 39]; thus, it is not an adequate model for crypt
cell dynamics under changes in stem cell population, such as the replenishment of their numbers after an
acute stem cell loss. It has been observed experimentally [8, 66] that stem cell homeostasis is based on
feedback mechanisms, such as the plasticity of early TA cells to obtain stemness again if needed. However,
a crypt cell population model that incorporates these mechanisms would be more complex, and it is outside
of the scope of the present work.

Data Accessibility. The code and data used to generate the figures of the main paper and Supplemental
Material can be downloaded from GitHub at https://github.com/kmamis/stochastic_model_colonic_
crypts. In this repository, there is also MATLAB Application “distribution_calculator.mlapp” that takes as
imput the stem cell number, division rates for stem and TA cells, FD cells apoptosis rate and the average
number of cells per crypt, plots the cell population distributions predicted by the model, and calculates
the average number of TA, FD cells per crypt, CV% of TA, FD and total cell populations, as well as the
correlation coefficient between TA and FD cells.
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