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Abstract

Background:
Hypoglycemia and hyperglycemia can pose a number of serious risks to pregnant mothers with diabetes, but 
these risks are not always related to glucose concentrations directly. Previous studies have shown the utility 
of using mathematical transformation functions to create patient risk profiles that can then be used to analyze  
and predict adverse outcomes in individuals with diabetes. We propose a novel use of these functions to 
analyze the risks posed to the fetus in pregnancies complicated by diabetes.

Methods:
We retrospectively analyzed 71 h continuous glucose monitoring system (CGMS Gold, Medtronic Northridge, 
CA) third trimester tracings obtained during a normal pregnancy and in those complicated by gestational 
diabetes mellitus (GDM), type 2 diabetes mellitus (T2DM), and type 1 diabetes mellitus (T1DM). We then used a 
transformation function to calculate fetal and maternal risk in each case.

Results:
In the normal pregnancy (0.93), the risk was at a minimum. Along with mean glucose values, the risk increased  
in those cases where gestation was complicated by GDM (3.12), T2DM (7.85), and T1DM (16.94). In contrast, the 
original patient risk profile yielded a minimal value for the GDM tracings.

Conclusions:
Total fetal risk increases from normal to GDM to T2DM to T1DM pregnancies. This new risk assignment better 
distinguishes the stages of fetal risk than the original method and therefore may be useful in future clinical trials 
and applications to predict risk for adverse outcomes in pregnancies complicated by diabetes.
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Introduction

In pregnancies complicated by diabetes, glycemic 
excursions can seriously compromise the health of both 
the mother and the fetus. As blood glucose (BG) levels 
approach the hypoglycemic range, the health risks 
can include disruptions in cognitive function, loss of 
consciousness, coma, and even death.1 The maternal risks 
due to hyperglycemia include hypertension, vascular 
complications such as retinopathy and nephropathy, 
organ damage, and other metabolic problems such as 
diabetic ketoacidosis, a life-threatening condition most 
commonly observed in women with type 1 diabetes 
(T1DM).2 For women with gestational diabetes mellitus 
(GDM), many of these diabetes-related complications 
will naturally resolve upon delivery; however, these 
individuals may be in jeopardy of developing diabetes in 
the future.3,4

During the periconceptional time frame and the first 
trimester, the risks to the fetus due to hyperglycemia 
include spontaneous abortion and congenital malforma-
tions.5,6 Health risks in the second and third trimesters 
include macrosomia, birth trauma, premature labor, 
abnormal fetal growth, and even fetal demise. Macro-
somia can itself lead to a number of fetal maladies, 
including shoulder dystocia, Erb’s palsy, obesity, and 
impaired neurological development. Children of mothers 
with diabetes also have an increased risk of developing 
diabetes themselves.7,8 Hypoglycemia, however, is not 
usually associated with adverse fetal outcomes.9

Previous studies have attempted to quantify the health 
risks posed to nonpregnant individuals with diabetes 
through the use of mathematical transform functions.11–13 
Kovatchev et al.14 proposed a logarithmic function that 
transforms the skewed BG distribution into a symmetric 
data set. The transformation utilizes parameters based on 
the 1993 Diabetes Control and Complications Trial report 
and takes into account nearly all observed glucose levels 
(20–600  mg/dl or 1.1–33.3 mmol/liter).15 According to 
the standard BG range, the numerical center is 310  mg/dl  
or 17.2 mmol/liter. As one can see, the ranges are clearly 
not symmetrical given that the hypoglycemic range 
(BG <70 mg/dl or <3.9 mmol/liter) represents only a 
small portion of the possible values. Many statistical 
tests are based on the assumption of a symmetric 
distribution. The skewed nature of the glucose level 
distribution violates this assumption and renders many  
of these statistical tests unusable, as the differences 

in the high and low BG scales present in innate bias.  
With the logarithmic function, however, the center of the 
transformed BG range is 112.5 mg/dl or 6.25 mmol/liter, 
which is clinically accurate, as it represents the midpoint  
of the euglycemic range.13,15

The resulting plot can be interpreted as the amount of 
risk associated with a particular BG level.13 The raw data 
are transformed into a symmetric parabolic function with 
a theoretical minimum risk value of 0 and a theoretical 
maximum risk value of 100 to correlate with the extreme 
BG levels that have been clinically observed. The target 
euglycemic BG level of 112.5 mg/dl (6.25 mmol/liter) is 
assigned a risk of 0. The left and right branches of the 
parabola are defined as low blood glucose index (LBGI) 
and high blood glucose index (HBGI), which represent 
the risk levels associated with the hypoglycemia and 
the hyperglycemia range, respectively. The risk value 
increases for each as the frequency and/or extent 
of hypoglycemic and hyperglycemic BG excursions 
increases. Thus a high risk index may indicate a large 
number of small glucose deviations, a few instances of  
large excursions, or a mixture of both.16 The sum of these 
two nonnegative indices can have an upper limit of 100.

Though glycemic excursions affect the health of both 
mother and fetus, the risk to each is different. Given the  
differences between fetal and maternal physiologies, 
previous transform functions may fail to detect significant 
risks to the fetus. As such, we propose a new transform 
function that can accurately assess the health risks to  
the fetus in pregnancies complicated by diabetes.

Methods
We adapted the original patient risk function described 
by Kovatchev and colleagues into one suitable to better 
quantify fetal health risks.14 As shown in Figure 1, the 
fetal risk curve is shifted leftward compared to that of  
the patient risk function. This is because, in pregnancies  
not complicated by diabetes, normal maternal glucose 
levels are significantly lower than nonpregnant 
individuals in the first trimester and may level off or 
continue to decrease slightly throughout gestation.17 

The optimal fetal glycemic range is based on the 
assumption that target levels in diabetic pregnancies 
should mimic those in normal pregnancies. Studies have 
shown that the normal fasting glycemic range in healthy 
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pregnancies is 69–75 mg/dl or 3.83–4.16 mmol/liter.18–20 
We assigned a risk of 0 to the midpoint of this target 
range, which is 72 mg/dl or 4 mmol/liter. As such,  
the original patient risk curve had to be shifted leftward 

to match this fetal glycemic target. Thus a healthy fetus 
naturally develops in a glycemic environment that, from 
the standpoint of a nonpregnant individual, would be 
considered hypoglycemic. Hypoglycemia is not usually 
associated with adverse fetal outcomes,9 therefore 
the fetal risk ascribed to such glucose levels by the 
original transform function is actually considerably less.  
There is, however, a historical report in the literature 
linking insulin shock therapy during pregnancy with 
adverse outcomes.10

Yet in Figure 1, one will note that there is still an increased 
risk as fetal glycemic levels descend into the hypo- 
glycemic range. At this point, the maternal risk of a 
catastrophic event due to severe hypoglycemia begins to 
increase dramatically. Though the risk value is calculated 
from the standpoint of the fetus, hypoglycemic maternal 
and fetal risk is still somewhat linked. For example,  
if a severe hypoglycemic event were to occur while the 
mother was operating a motor vehicle, resulting in a fatal 
accident, the mother and the fetus would obviously 
experience the same outcome. Though the fetus may not face 
the same hypoglycemic health risks as the mother per se, 
there is still a heightened risk of a catastrophic event; the 
increased risk on the fetal risk plot accounts for this fact.

In the hyperglycemic range, the risk to the fetus is 
more pronounced in comparison to that of the mother.  
For instance, the risk of fetal demise is accelerated 
around 250 mg/dl (13.8 mmol/liter) where there is a 
greater danger of diabetic ketoacidosis. Along with fetal 
demise, a number of other health risks exist, including 
congenital abnormalities and abnormal growth. As such, 
the fetal risk plot consistently exceeds the maternal risk 
profile in the hyperglycemic range as shown in Figure 1.

To test the utility of this new fetal risk transformation, 
we retrospectively analyzed 71 h continuous glucose 
monitoring (CGM) tracings (CGMS® GOLD™, Medtronic, 
Northridge, CA) in normal pregnancies and pregnancies 
complicated by T1DM, type 2 diabetes (T2DM), and 
GDM. Though the CGM sensors had a life span of 72 h, 
some data points at the tail end of the data set were 
removed to ensure that there were an equal number of 
CGM readings for each case. The tracings were obtained 
during the third trimester, and the following fetal 

transformation procedure was used to convert the data  
into four representative fetal risk profiles.

Once retrieved from the CGM device, each BG reading 
was transformed using the formula f(BG)= 1.509 × 
[(ln (BG ))0.50927 - 2.10008], where BG is measured in 
millimole per liter. The logarithmic argument may be 
multiplied by 18 to convert to milligrams per deciliter. 
We then converted the transformed data into risk values 
according to the function r(BG)= 10 × f(BG)2. The LBGI 
and HBGI were calculated by splitting the parabolic 
transformation function as follows: rl(BG)= r(BG) 
if f(BG) <0 and 0 otherwise (left branch); rh(BG)= r(BG) 
if f(BG) >0 and 0 otherwise (right branch). Lastly, 
the total risk was calculated by taking the average of 
the risk readings aggregated in a given 1 h set of CGM 
readings and summing the LBGI and HBGI to find the 
total risk value for each patient. 

Results

As Figure 2 shows, the fetal risk in the normal pregnancy 
was minimal at 0.91. Since a risk value of 0 is a 
theoretical limit, even healthy patients will exhibit some 
risk. The results show that the risk increased in those 
cases complicated by GDM, T2DM, and T1DM, which 
was 3.12, 7.85, and 16.92, respectively (Table 1). As shown 
in Figure 2, the fetal risk increased in those cases that 
exhibited poor glycemic control, both in terms of mean 
glucose and with respect to the frequency and extent of 
glycemic excursions.

Figure 1. Comparison of risk transform functions. The solid curve 
represents risk to the fetus derived from maternal glucose levels.  
The dotted curve indicates the risk to the mother derived from the 
original transform function.
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Discussion
As expected, mean glucose levels and total fetal risk 
increased from normal to GDM to T2DM to T1DM 
gestation. The normal pregnancy profile did not exhibit 
a risk of 0, but of 0.91. This can be explained both by  
the noise of the CGM electrochemical sensor and by 
benign variation within the euglycemic target range, 
of which the transform function assigned a minimal 
risk value. Of considerable note was the difference 
between the patient and fetal risk levels in the case of 
GDM gestation, which suggests that the new transform 
function can discern fetal risk better than the original 
maternal risk formula.

Though the original transform expression was developed 
on an intuitive basis, studies have confirmed that this 
function can indeed accurately normalize raw BG data.11–13 
In addition, studies have shown that the HBGI/LBGI 
statistics have value in predicting hyperglycemic and 

Figure 2. The resulting fetal risk value along with the mean blood glucose derived from consecutive 71 h CGM tracings.

Table 1.
Fetal Risk for Adverse Outcome Based on Maternal 
Continuous Glucose Sensinga

Gestation Fetal risk
Glucose mg/dl  

(mean ± standard deviation)

Normal 0.91 81 ± 15

GDM 3.12 103 ± 27

Type 2 diabetes 7.85 135 ± 41

Type 1 diabetes 16.92 187 ± 15

a These calculations are based on a single 71 h CGM session per 
individual.

hypoglycemic events. In a study by Kovatchev et al.,16 
96 patients with T1DM underwent one month of self-
monitoring of blood glucose (SMBG) therapy. Participants 
were then asked to record any severe hypoglycemic 
events for the next six months. Researchers transformed 
data stored in the glucose monitors into risk profiles 
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for each patient. Individuals who had a higher LBGI 
reported having a significantly higher number of hypo-
glycemic events than those who had a lower value. 
Researchers reported that, along with previous history  
of severe hypoglycemia, LBGI played a significant role 
in the prediction of these future hypoglycemic events.  
They also showed that individuals with a high risk value 
were more likely to have a severe hypoglycemic event 
occur sooner than those with a lower risk profile.

Risk analysis provides a distinct advantage over traditional 
evaluative methods such as average BG and glycosylated 
hemoglobin (A1C) levels.11,13 Glycemic excursions do not 
meaningfully contribute to changing A1C beyond their 
effect on mean BG.21 For example, a patient with optimal 
glucose control and another individual with large, yet 
opposite glycemic excursions may have a similar A1C, 
because the mean glucose levels will be the same; 
however, the former patient will have a lower risk profile. 
Similar to A1C levels, the skewed distribution of the raw 
glucose values can also cause average BG measurements 
to be misleading. Take for example patient 1 who has 
two glucose measurements of [90, 90 mg/dl] and patient 2
who has values of [40, 140 mg/dl]. An average BG 
measurement would yield 90 mg/dl for each patient, 
though the former exhibits less risk. The benefit of risk 
analysis is that it can, through the use of LBGI and 
HBGI, account for this skewed distribution and predict 
adverse outcomes equally well in both the hypo- and 
hyperglycemic ranges. 

The risk function is also advantageous in that it attenuates 
glucose excursions in the target range, which is aligned 
with the clinical understanding that glucose fluxes in 
the euglycemic range are relatively benign. Conversely, 
the risk function assigns a weighted risk to more 
extreme fluctuations, which corresponds to the notion 
that such large fluxes carry more health risks. Unlike 
standard deviation values, risk functions are based on 
defined parameters and do not represent a relative risk 
value, but an absolute value that can be compared to 
other patients.10 The fetal risk transformation formulas 
are very manageable and can be easily incorporated 
into spreadsheet software or other user-friendly computer 
programs. Risk assessment data can then be presented as 
risk traces, Poincaré plots, and other visual representations 
that facilitate patient and physician comprehension. 
Please note that these retrospective tracings represent  
only a brief snapshot of maternal glycemia during a 
9-month-long gestation. Improvements in CGM technology 
allow for improved sensor accuracy and extended duration 
of wear. Additionally, one must consider glycemic 

variability in addition to absolute glucose concentrations 
when calculating the maternal and fetal risk.

Conclusions
Careful monitoring of BG is essential for proper glycemic 
control.22 It has been shown that achieving euglycemia 
can reduce the risk of maternal and fetal morbidities to 
that of normal pregnancies.6,23 The introduction of CGM 
technology, with its ability to provide real‑time CGM 
measurements and predict future glycemic excursions, 
represents a major advancement in glucose monitoring 
methods and a powerful tool in the fight against diabetes. 
With CGM systems, clinicians now have access to a 
consistent and large data set that can be used to assess a 
patient’s health risk more accurately. Previously used 
with SMBG, risk analysis and its predictive power may 
greatly change with CGM devices that can provide  
much more raw data, which, in turn, may strengthen the 
power of the statistical tests used. 

In the long term, fetal risk analysis, in conjunction with 
A1C and other analytical methods, may help physicians 
improve their ability to assess the future health risks 
of their patients. The prevalence of glycemic variation 
in the present can give clinicians valuable clues about  
how their patients will fare in the future. Comparisons of 
these risk values can also help clinicians assess which 
patients are in greater need of intervention. As time and 
resources in clinics and hospitals are limited, fetal risk 
assessment can be used to stratify patients so that 
physicians can focus their efforts on individuals who 
are in dire need of medical care. Though further study 
is needed to confirm the accuracy of the new risk 
transform function, fetal risk assessment may prove 
valuable in future clinical trials and practices in helping 
clinicians predict the risk for adverse perinatal outcomes  
in pregnancies complicated by diabetes.
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