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Abstract

Women with gestational diabetes mellitus (GDM) are at in-
creased risk of developing type 2 diabetes (T2DM). However,
the degree of risk and the timing of progression from normal
to a pre-diabetic or diabetic state have not been clearly quan-
tified. In this study we analyzed data from a longitudinal study
on a group of women with a history of GDM, that were in-
serted in an oral glucose tolerance test (OGTT) annual
screening program and followed up for 5 years after partum.
A three state Markov chain model was proposed to represent
the dynamics of changes between metabolic states. We used
the data to empirically estimate the one-year tranmsition pa-
rameters of the model and make predictions about the possi-
bility that women with normal glucose tolerance or impaired
glucose metabolism just after partum will develop overt T2DM
in three or five years. Results show that subjects with an im-
paired glucose metabolism few months after partum will hard-
ly (10%) be in the same state after three years. Women with
normal glucose tolerance after partum will have a high prob-
ability (0.80) to be in the same state three years after.
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Introduction

Gestational diabetes mellitus (GDM) is the specific type of
diabetes that may develop during pregnancy [1]. GDM is a
quite common condition with a prevalence ranging from 1 to
14% of pregnancies, depending on the population under study.
GDM represents nearly 90% of all pregnancies complicated by
diabetes. The incidence of gestational diabetes is rising
throughout the world [2,3], and the same holds for type 2 dia-
betes [4]. Women with previous gestational diabetes, after
delivery (pGDM), often normalize their glucose levels, but
they are at increased risk of developing type 2 diabetes [5,6],
especially if they have other risk factors (i.e. obesity, hyper-
tension, family history of type 2 diabetes). In this context, it is
important to undertake follow up studies that can provide

some insights about the actual risk and timing of possible on-
set of type 2 diabetes. Data analyzed in this paper refers to a 5
year follow up study of glucose tolerance in pGDM women.
The analysis of the data was carried out using a three state
Markov chain model to study the transition between different
glucose tolerance conditions and making predictions about the
onset of type 2 diabetes in the population after three years
from the delivery. Markov chains have often been used to
model disease’s natural history, see [7] for an example of ap-
plication in the context of diabetes.

Subjects

A group of 116 women participated in the study. They were
selectively recruited from the outpatient department of the
University Clinic of Vienna. Written informed consent was
obtained from all subjects and the protocol was approved by
the local ethics committee. For all women, GDM was found in
their first pregnancy; repeated pregnancies were excluded.

Table 1 — Characteristics of the studied pGDM women at the
basal state (mean + SE).

NGT IGM T2DM
Number of subjects 87 21 8
Age (years) 32.91+0.51(34.66 +0.93 | 33.88 £2.25
BMI (kg m?) 26.57+0.55{30.97 £ 1.00 | 31.35+2.15

Fasting plasma

glucose (pmol L) 4.82+0.05 | 589+0.18

6.91 £0.35

Plasma glucose at

120 min_(pmol L) 588+0.11 [ 9.77+0.36 | 11.85+0.63

GDM was diagnosed in all the participants according to the
criteria of the 4™ Workshop Conference of Gestational Diabe-
tes [5], through a 75-g oral glucose tolerance test (OGTT).
During pregnancy the GDM women were not subjected to any
treatment; they received only dietary and physical exercise
advertisements. The study started with a basal OGTT screen-
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ing taken 4 to 6 months after partum and then the women were
followed, with an annual OGTT screening program, up to 5
years later on. The characteristics of the pPGDM women imme-
diately after partum are described in Table 1. Subjects’ condi-
tions (or metabolic states) were classified, according to the
American Diabetes Association (ADA) 1997 criteria, as: nor-
mal glucose tolerance (NGT); impaired glucose metabolism
(IGM), including subjects with impaired glucose tolerance
(IGT) and/or impaired fasting glucose (IFG); and type 2 diabe-
tes (T2DM). A complete depiction of the data is given by Fig-
ure 1, where the distribution of the metabolic states at each
year is reported.
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Figure I- Frequency distribution of the three states (NGT,
IGM, T2DM) at each year.

There were two main causes for ending the program: the natu-
ral deadline (5 years after partum), or the onset of type 2 dia-
betes. The data expected from the protocol are not complete,
because some participants skipped one or more visits and then
reentered the program subsequently.

Methods

Oral Glucose Tolerance Test

After an overnight fast, all women underwent a standard 75-g
OGTT. Venous blood samples were collected immediately
before glucose ingestion (fasting sample, r=0) and at
10, 20, 30, 60, 90, 120, 150 and 180 min afterwards for glu-
cose, insulin and C-peptide measurements.

Data analysis

Markov chains

A Markov chain (MC) is a simple stochastic process often
used to model uncertain phenomena evolving in time. In a

stochastic process changes of state (value of the process) are
governed by probabilistic laws. The laws describing present
and future values of the process in terms of its past state his-
tory are called transition laws. A Markov chain, specifically, is
characterized by transition laws depending only the most re-
cent past state and not on the whole past history. More for-

mally, consider a stochastic process {X ,1=0,1,2,.. } that
takes values on a finite set .S, called state space. Let the state
space size be N, with § = {Sl,sz,...,sN}. If X,=s,,
then the process is said to be in state s; at time . Suppose
further that the Markov property holds:

Pr(X,,, =S, [ X, =5,X 0 =5,.,X,=5))=
=Pr(X,, =5, X, =5,) Vsg,e0r8,1,8,,8,; V. (1)

Such a process is known as a Markov chain, and the above

property reads that for a MC the conditional distribution of

any future state given the past states and the present state is
independent on the past states and depends only on the present

state. If X, =5, and X,,; = S ;, then we can write
1
Pr(X,, =s,|X,=5)=p; Vt. 2

e value p. represents the probabili at the process,
The value p’' represents the probability that the p
when in state §; at time 7 will make a transition to state § ;at
time 7+1. Clearly we have that p;’l >0 Vi,j; and
N
1+1 . s [

z p; =1 Vi. We can arrange the transition probabilities
Jj=1

t+1
i

intoa NxN matrix, P = H p.. |, obtaining the one-step

transition matrix of the MC from time 7 to # + 1. As the tran-
sition probability between any two states of the chain does
depend of 7, the chain is called time-inhomogeneous Markov

chain.

Once the one-step transition probabilities are known it is pos-
sible to compute the conditional probability that the chain at
time 747 will be in state § j given that at time # was in state

S;. As an example, we report the formula for the case T =3:

Pr(X,,; =5, | X, =s;)=

i

> pitpiley, ©)

N N
k=1 I=

1

Vs.,s.; Vt.

29

A state of the chain, says;, is called an adsorbing state if

p,; =1, that is once the process is entered in that state it will

never leave it. A state is called transient, if, starting the proc-
ess from that state, there is a positive probability that the proc-
ess will never reenter that state. For further details on the basic
concepts introduced in this paragraph, we refer the reader to
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any book including an introduction on discrete time Markov
chain, i.e. [7].

A Markov model for the transitions between metabolic states

Metabolic (or glucose tolerance) states can be defined for each
subject - using ADA 1997 criteria - as NGT, IGM, and T2DM.
We consider this simplified three state classification, even if
the intra-class variability may be large in the IGM class (in-
cluding both IFG and IGT subjects). Furthermore, we hy-
pothesize that the dynamics of the glucose tolerance derived
from the OGTT depends on the past screenings only through
the previous year dynamics. Under this hypothesis and recall-
ing that the subject state classification depends on the fasting
and on the 2-h plasma glucose level during the OGTT, the
future and the past subject’s metabolic states are conditionally
independent given the state in which the subject is at present,
so the Markov property holds. Thus, we model the transitions
between subject’s glucose tolerance states as a one order time-
inhomogeneous Markov chain with categorical state space

S = {NGT,]GM,TZDM}. Let X, be the metabolic state
at year £, if X, =s, and X
Pr(X, =s;| X, =s5)=p; Vt

1 =8;, then

From the screening protocol, we know that women entering
the T2DM state are no longer followed up because they might
be treated with anti-diabetic drugs. This information allows us
to define a Markov chain model with two transient states
(NGT and IGM) and one absorbing state (T2DM). Thus the
transition matrix, from year #—1 to #, has the following
structure:

Pfl pllz p{;
P'=\py pPn Py
0 0 1

where state 1 correspond to NGT, state 2 to IGM, and the ab-
sorbing state 3 to T2DM. In Figure 2 the graphical representa-
tion of the transition probabilities between any couple of states
of the chain is reported.

Alternative Markov chain models with longer memory of the
chain or with higher number of states might also be consid-
ered, but such models would not be suitable in the case of
sample size of 116 (that is our case) because they would lead
to many transition parameter estimates being zero for lack of
empirical data.

1
P
Figure 2 - One-step transitions between the states of the

chain; labels on arrows are the transition probabilities.

Estimation of transition probabilities

Let denote by nlt/ the number of women that were in state 7 at

year ¢t —1 and are in state j at year /¢ after partum. We can

empirically estimate the probability of a woman being in state
jat year ¢ after partum given that she was in state iat year

-1, [5; , using the formula

Af.: ij 4
Dy Sy 4

that corresponds also to the maximum likelihood estimator.
This estimator is showed to be consistent but biased, with bias
tending to zero as the sample size increases [9]. For the reader
interested in further statistical properties of the transition
probability estimator of a MC the paper just cited is a very
good reference.

Thus, Equation (4) states that the estimated transition prob-
ability from any given state i to state j is equal to the propor-
tion of women that started in state i and ended in state j with
respect to all women that started in state i. As we are consid-
ering inhomogeneous Markov chains, these probabilities are
different for different times.

Results

One year transition matrices

By using the procedure described in the data analysis section
we have estimated the one year transition matrices for each
possible transition (0 to 1, 1 to 2, 2 to 3, 3 to 4, 4 to 5). Due to
the incompleteness of the longitudinal data (some screenings
were skipped by the women or they had developed T2DM,
thus they were excluded from further analysis) for the last two
transition we had only few cases available to estimate some of
the transition probabilities. Therefore we decide to stop our
analysis at the third year.
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As regards the estimated transition matrices for the transitions
from 0 to I, 1 to 2 and 2 to 3, we found the following results:

0.89 0.10 0.01
P'=[0.33 0.47 0.20],
0o o0 1
0.88 0.12 0.00
P? =036 0.45 0.18),
0 0 1
0.90 0.10 0.00
P =050 0.10 0.40|.
0 0 1

As can be appreciated, the transition from year 0 to 1 and from
year 1 to 2 lead to approximately the same estimated transition
matrix. In other words, we can claim that the differences in
the first two transition matrices are negligible from a clinical
point of view. In the transition from year 2 to 3 we notice a
strong change in the behavior of IGM subjects. The percentage
of women passing from IGM to T2DM is doubled with respect
to the transitions occurred in the first 2 years after partum.

Predictions

The estimated transition matrices allow us to make predictions
about the possibility that women with previous GDM will de-
velop T2DM in three years after partum. Inserting into Equa-
tion (3) the estimated transition probabilities above, the ensu-
ing conditional distributions of the metabolic state at year 3,
given that the basal state was either NGT or IGM, are

Pr(X, | X, = NGT) =(0.8,0.1,0.1),
Pr(X, | X, = IGM)=(0.5,0.1,0.4).

Thus, a woman with pGDM who is NGT after partum, after
three years from the delivery will remain NGT with probabil-
ity 0.8, will become IGM with probability 0.1 and will develop
T2DM with probability 0.1. The IGM condition appears as a
temporary condition: in fact, in three years we expect that only
the 10% of IGM subjects will remain in the same condition,
while the remaining 90% will be split between the return to a
condition of normal glucose tolerance (50%) and the devel-
opment of the pathological condition of type 2 diabetes (40%).

Discussion

In this study we presented a Markov chain approach for popu-
lation predictions about the transition between metabolic states
of women with a history of gestational diabetes. The parame-
ters of our model were estimated using data from a follow up
study. We found that a woman in NGT condition immediately
after partum has high probability (0.8) to be in the same condi-
tion three years later and will move to the condition of im-
paired glucose metabolism or become diabetic with the same

probability: 0.1. The IGM condition appears to be a splitting
condition from the normal and the pathological states. This
may be due to the fact that in the IGM condition reversibility
to the NGT condition is still possible, provided that the subject
undergoes a change in the lifestyle, especially in terms of die-
tary habits and physical fitness. The quantification of the suit-
able energy intake and the possible degree of exercise are be-
yond the aims of this report; therefore, no specific suggestion
is provided here. On the other hand, if no action is taken, it is
known that the worsening of the metabolic condition with pos-
sible development of diabetes is likely to happen. Thus, in
both cases, the IGM condition does not hold for long periods.
Our results appear in fact consistent with this explanation: the
50% of IGM reversing to NGT may be the subjects that did
take some actions for their health, whereas the 40% progress-
ing to T2DM may be those not taking any significant action.
Another interesting result was that, based on the estimated
transition matrices, relevant changes in the probability of tran-
sition were noticed only between the second and the third year
after partum. This observation indicates that in post-
gestational diabetic women screening programs shorter than
three years after the delivery may not be sufficient, since pos-
sible changes (worsening) in the metabolic condition are un-
likely to happen before a period of at least three years after
partum.

Conclusion

In this study we used a three state Markov chain model to ana-
lyze the dynamics of changes in the metabolic condition of
women with a history of gestational diabetes. We found that
possible transitions of the metabolic condition might not occur
until three years after partum. We also found that the condition
of impaired glucose metabolism is not likely to be maintained
for a long time. The clinical implication of this finding is that a
pGDM woman with IGM (easily detectable with a simple me-
tabolic test) must be carefully followed in terms of lifestyle
and perhaps appropriate pharmacological agents to yield in the
following years a status of NGT. It will be necessary however
the assessment of other parameters (such as for instance, insu-
lin resistance, pancreatic secretion, lipid profile) to precisely
identify the target for the intervention. With this regard, future
works will be devoted to extend these preliminary results in-
cluding considerations based on other measured variables (like
plasma insulin and C-peptide), as well as on metabolic pa-
rameters describing fundamental processes such as insulin
sensitivity and beta cell function.
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