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ABSTRACT

Cesarean delivery is the most common major abdominal surgery in many parts of the world. As of
October 2012, the cesarean section rate in the United States was reported to be 32.8% in 2011, rising from
4.5% in 1970. Cesarean sections are associated with an increased risk of neonatal respiratory morbidity,
increased risk of a hysterectomy and can cause major complications in subsequent pregnancies, such as
uterine rupture. To evaluate the current cesarean delivery rate due to a “failure to progress” diagnosis, our
goal was to replicate the delivery process for women undergoing a trial of labor. In this simulation we
evaluate the Friedman Curve and other labor progression rules to identify circumstances in which the
cesarean rate can be decreased through the analysis of the total length of time a woman spends in labor as
well as the duration of time a woman remains in a cervical dilation stage.

1 INTRODUCTION

In October of 2012, it was reported that the cesarean section rate in the United States was 32.8% in 2011,
rising from 4.5% in 1970 (Martin et al. 2013, Cesario 2014). In addition to the risks of short-term
surgical complications, cesarcan delivery is associated with an increased risk of neonatal respiratory
morbidity and an increased risk of major complications in subsequent pregnancies, such as uterine
rupture, placenta previa, and placenta accreta (Zanardo et al. 2004, Getahun et al. 2006; Miller, Chollet,
and Goodwin 1997, Usta et al. 2005). Since cesarean sections increase the risk of many short-term
complications, increase maternal time in the hospital, may interfere with early maternal-infant bonding,
and increase the overall costs of care, there is a general consensus that current cesarean rates are too high
(Caughey et al. 2014). We aim to understand the policy surrounding the need for a cesarean section in
singleton pregnancies for nulliparous women (women giving birth for the first time) with no prior
indications, such as preeclampsia or breech presentation.
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The goals of this study are to (1) model the natural progression of labor in absence of cesarean deliveries,
(2) determine the underlying rules responsible for the current rate of cesarean deliveries due to a “failure
to progress” diagnosis, and (3) develop ways to reduce unnecessary cesarean deliveries while also
reducing the rate of complications.

For many years the guidelines surrounding the amount of time spent in labor were governed by the
Friedman Curve which was established in 1954 by Emanuel Friedman (Pitkin 2003). Friedman described
abnormal labor progression as cervical dilation of less than 1.2 cm per hour for nulliparous women and
cervical dilation less than 1.5 cm per hour for multiparous women. Friedman further defined no change
in dilation for more than two hours as labor arrest. In years prior to Friedman Curve utilization, fetal
assessment techniques used to determine the fetal oxygenation and general well-being of the fetus during
labor were nonexistent. During this time period labors were considered to be long and often ended in
negative outcomes related to hypoxic injury and birth trauma (Cesario 2014). The Friedman Curve was
established to set a standard for performing a cesarean delivery in order to avoid some of the harmful
outcomes of prolonging labor. The goal of the Friedman Curve was to provide guidance regarding an
appropriate delivery time frame that would result in the best outcomes. A cesarean section was
performed if the woman was not able to deliver the baby vaginally within the established time frame.

Due to changes in the delivery process and changes in the demographics of laboring women, a re-
evaluation of the use of the Friedman Curve guidelines is needed. In early 2014, the American College of
Obstetricians and Gynecologists (ACOG) and the Society for Maternal-Fetal Medicine (SMFM) jointly
issued new recommendations targeted at reducing the cesarean rate by taking measures to prevent the first
cesarean delivery in particular. By avoiding the first cesarean section, it is believed that the cesarean
section rate will decrease due to the reduction in repeat cesareans, which make up a large proportion of
the cesarean section rate. The series developed by the obstetrics and gynecology groups mention the
length of time a woman should be allowed to labor as one of the contributing factors to the growing
cesarean rate for nulliparous women (Caughey et al. 2014). Dr. Aaron B. Caughey who helped develop
the guidelines said in a statement, “Evidence now shows that labor actually progresses slower than we
thought in the past, so many women might just need a little more time to labor and deliver vaginally
instead of moving to a cesarean delivery.”

Zhang et al. (2010) performed a retrospective study using labor and delivery information from
electronic medical records in 19 hospitals across the United States (Consortium on Safe Labor). The goal
of the study was to examine current labor patterns. In this study, they discovered that labor progression
for a cervical dilation of 4 to 5 cm could take as long as 6 hours and more than 3 hours to progress from 5
to 6 cm, which differs greatly from rules established by the Friedman Curve. They summarized their
results by noting that allowing labor to continue for an extended period of time for cervical dilations 6 cm
and under, would aid in reducing the rate of intrapartum cesarean deliveries (Zhang, Landy et al. 2010).

An evaluation of the most appropriate time to perform a cesarean section is a combination of many
elements. In particular, the status of the fetus and mother is consistently checked to ensure the health of
both patients. Cheng et al. (2009) developed a study that looked at the association between the length of
labor, mode of delivery, and perinatal outcomes. This study showed that the risk of birth trauma, neonatal
complications, and neonatal intensive care unit (NICU) admissions tended to increase as the length of
labor increased (Cheng et al. 2009).

The decision models in this area focus widely on risk predictors for cesarean delivery and the
appropriate epidemiologic characteristics that can be used for effective delivery mode prediction (Harlow
et al. 1995). These methods vary from risk scores, scales and nomograms that use logistic regression
(Zhang, Troendle et al. 2010) to decision trees and machine learning (Grobman et al. 2007, Sims et al.
1997; Hill et al. 2008; Dugas et al. 2012; Caruana et al. 2003; Dahan and Dahan 2005; Analysis et al.
2010; A. A. Montgomery et al. 2007; Labib et al. 2007; Emmett et al. 2007; Smith et al. 2004; Mankuta
2003) which are based on the probability of various risks and utility of certain health outcomes. Sims et
al. (2000) summarized the use of decision tree models in predicting cesarean delivery as compared to a
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logistic regression method using historical data for women who delivered live-born singleton neonates
during the period of 1995 to 1997 (a total of 22,157 births) (Sims et al. 1997). In the study they
determined decision trees can be used to predict cesarean delivery and suggested decision trees are small
enough to be intelligible to physicians and handle missing values more easily than logistic regression
methods. In the study developed by Xu et al. (2010), a decision tree was used to determine the best mode
of delivery by evaluating the cost-effectiveness of different health interventions considering pelvic floor
consequences (Patel et al. 2006). Emmett et al. (2007) used a decision tree in a study to predict mode of
delivery for women who have had a previous cesarean delivery based on utility assessments gathered
through two types of computer-based decision aids (A. A. Montgomery et al. 2007; Emmett et al. 2007).
According to our knowledge a decision model that uses computer simulation has not been done.

The simulation model presented here extends these research studies by determining, for each cervical
dilation state, the appropriate length of labor to reduce the rate of cesarean deliveries and increase the
likelihood of health outcomes for both mother and child. In particular, we introduce two simulation
models that model labor progression. The first model (Figure 1) characterizes the natural progression of
labor. This model seeks to understand the length of time a woman may labor if no interventions or a
cesarean section are introduced. The second model (Figure 2) is similar to the first model; however upon
completion of each dilation state, the total time in that dilation state is evaluated to determine whether the
patient should be given a cesarean section or not based on a defined stopping criterion. That is, if a two
hour rule is used and a patient requires 3.6 hours to dilate from 4 cm to 5 cm, then she would be given a
cesarean section at 4 cm. If she had completed state 4 cm within two hours, she would continue to labor
and proceed to 5 cm.

Eteyactive 3em > 4cm > Scm > Geom
Labor
7cm > 8cm » 9cm » 10cm Va:glnal
Delivery

Figure 1: Flowchart to depict the simulation of labor in absence of interventions and cesarean sections.
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Figure 2. Flowchart to depict the simulation model for which cesarean deliveries are allowed.
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2 MODEL FORMULATION

To evaluate the current cesarean delivery rate, our goal was to simulate the delivery process for women
undergoing a trial of labor. In this simulation we evaluate the Friedman Curve and other labor
progression rules to identify circumstances in which the cesarean rate can be decreased by analyzing the
length of time a woman spends in labor and more specifically the duration of time a woman remains at
one particular cervical dilation. We only seek to identify cesarean deliveries that are performed after a
trial of labor has started and only consider “failure to progress” as the indication for a cesarean delivery
for singleton nulliparous deliveries with no prior indications for cesarean delivery. Other indications for
cesarean delivery may include fetal distress, uterine rupture, and cephalopelvic disproportion (CPD), but
are not considered in this study.

2.1 Data Description

Data for the model were derived from four main sources: (1) Contemporary cesarean delivery practice in
the United States, (Zhang, Troendle et al. 2010), (2) Contemporary Patterns of Spontaneous Labor with
Normal Neonatal Outcomes (Zhang, Landy et al. 2010), (3) Normal Progress of Induced Labor (Harper
et al. 2012), and (4) Second-stage labor duration in nulliparous women: relationship to maternal and
perinatal outcomes (Rouse et al. 2009). The studies conducted by Zhang et al (2010) used data from the
Consortium on Safe Labor which consisted of labor and delivery information from electronic medical
records in 19 hospitals across the United States. Data from Harper et al. (2012) was taken from a four-
year retrospective cohort study of deliveries at Washington University Medical Center in St. Louis,
Missouri. Each data source evaluated current labor progression patterns. In particular, these studies used
an interval censored regression to estimate the median time to progress 1 cm in cervical dilation. Rouse
et al. (2009) conducted analysis of fetal pulse oximetry at 14 clinical centers of the National Institute of
Child Health and Human Development Maternal Fetal Medicine Units Network to assess trends in the
duration of the second stage of labor and maternal and perinatal outcomes.

2.2 Patient Types

We model three different types of patients: (1) patients who had an induction of labor, (2) patients who
had an augmented labor and (3) patients who had a spontaneous labor as described in Harper et al. (2012).
Harper et al. (2012) sought to compare normal labor progress for women whose labor was induced versus
labor progression for those women who labored spontaneously. Those patients in the spontaneous labor
category are women who received no augmentation with oxytocin nor underwent artificial rupture of the
membranes. Augmented labors were defined for women who were diagnosed as having a spontaneous
labor but subsequently received oxytocin augmentation. There were 5,388 women included in the Harper
et al. (2012) study, 2,021 of which were spontaneous labors, 1,720 were augmented labors, and 1,647
were induced labors accounting for 37.5%, 31.9%, and 30.6% of the study population, respectively. We
used these percentages to assign identities to the entities (patients) in the simulation. All women included
in the study delivered in the second stage of labor. Therefore if a cesarean section was given it was done
after a cervical dilation of 10 cm (Harper et al. 2012).

2.3  Probability Distributions for Labor Duration by Cervical Dilation

Harper et al. (2012) provided a median, 5™ percentile and 95™ percentile of the duration of labor for each
dilation state. This information was used to model the duration of labor for each cervical dilation state
using a Beta-PERT distribution where we estimated the mode by using the median, minimum by using
the 5™ percentile and maximum by using the 95" percentile. The density function for the Beta
distribution is
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xv—l(l _ x)w—l
fx) = B(v,w)

0 otherwise.

0<x<1,

For the Beta distribution, the minimum and maximum values and two shape parameters, v and w, are
required. The Beta-PERT distribution uses the mode to generate the shape parameters, v and w. There is
an additional scale parameter, A, which is the height of the distribution and is estimated to be 4 (Vose
2000).

For the Beta-PERT distribution, the mean, y, is calculated as

— Xmin + Xmax + Axmode
1+2)

and the v and w are calculated by
— (.u - xmin)(zxmode_xmin_xmax)

(xmode - ll) (xmax - xmin)

_ V(Xmax — 1)
(.u - xmin)

The duration of labor data presented in Zhang, Troendle et al. (2010), Zhang, Landy et al. (2010), and
Rouse et al. (2009) were used to supplement Harper et al. (2012) by providing better estimates of time in
labor. The information from the Consortium on Safe Labor, provided the median and 95" percentile of
the duration of labor for nulliparous women. To get a better sense of the maximum amount of time a
woman may spend in one particular cervical dilation state, we averaged the median values from Harper et
al. (2012) and the Consortium on Safe Labor to get a more precise estimate of the mode. The information
presented in Rouse et al. (2009) provided more insight into the duration of the second stage of labor. We
were able to use the minimum and maximum times provided in this study as the lower and upper bounds
for the second stage servers (Srv2ndStage epidural and Srv2ndStage no epidural), respectively. Using
this information we were able to derive the distributions for nulliparous women in the induction,
augmented, and spontaneous labor groups as presented in Table 1.

Table 1. The 5™, median, and 95" percentile (minimum, mode, and maximum) duration of labor times in
hours used in creating the distribution for each cervical dilation state for nulliparous women given in
hours (Harper et al. 2012; Zhang, Troendle et al. 2010; Zhang, Landy et al. 2010; Rouse et al. 2009).

Induced Labor Augmented Labor Spontaneous Labor
\Min. Mode Max. |Parameters |Min. Mode Max. |Parameters |Min. Mode Max. |Parameters
Dilation v w v w v w
3 02 14 8.1 1.61 439 102 15 81 |1.66 434 |0.1 04 23 |1.55 445

02 13 68 [1.67 433 |03 135 7.6 [1.58 442 o1 05 27 [1.62 438
02 0.6 43 [139 461 |01 075 49 [1.54 446 006 04 2.7 [1.52 448
005 04 28 |1.51 449 006 055 39 [1.51 449 0.03 03 2.1 [1.52 448
002 02 15 131 469 [0.05 04 2.8 [1.51 449 [0.04 03 1.7 |1.63 437
003 02 13 126 474 [0.05 04 3 |1.47 453 [0.03 02 13 |1.54 446
004 03 19 (146 454 [0.05 04 22 [1.65 435 [0.04 03 1.8 [1.59 441
10 (epidural) |04 1.1 5 el 439 o2 1.1 5 |1.75 425 |04 1.1 5 |1.61 439
10 (no epidural) |04 0.6 5 117 483 |02 06 5 (133 467 |04 06 5 [1.17 483

O Co NN N
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24 Model 1: Simulation for Natural Progression of Labor

Labor is often described in three stages: (1) early and active labor, (2) delivery of baby, and (3) delivery
of the placenta. In the first stage (the primary focus of our study) there are three phases (early labor
phase, active labor phase, and transition phase) that begin at the onset of labor until the cervix is fully
dilated to 10 cm (American Pregnancy 2007). A Simio® model is developed to simulate labor to
understand the duration of labor in absence of any stopping rules or interventions. In this model the
patients (i.e., the entities) enter “active” labor starting at cervical dilation of 3 cm and we model the
progression of cervical dilation to 10 cm. Once the cervix is dilated to 10 cm the patient then moves into
the second stage of labor (known as the pushing phase).

We divide the cervical dilation of active labor, starting at 3 cm, into states. Figure 3 shows the
Simio® model of the natural progression of labor. Patients enter the labor server (SrcLabor) at an
exponential rate of 1 hour and proceed through each dilation server (Srvjcm) until they reach the vaginal
delivery sink (SnkVD). We assumed a percentage (50%) of women receives epidural analgesia prior to
SnkVD. In this model we do not allow cesarean sections because we want to understand how long active
labor can last given the probability distributions derived from the data sources described above.

>

L» ]

Wi srvi0cm_epi

Srvl0cm_no_epi

Figure 3. Screenshot of Simio® simulation Model 1 of labor progression from 3 ¢cm to 10 cm in absence
of any cesarean deliveries.

2.5 Model 2: Simulation of Labor Progress for Various Rules

In the second simulation, women progress through labor according to the distributions defined in Table 1
similar to Model 1. After the patient has finished processing through a dilation state, it is decided whether
the patient should continue to the next dilation state or be transferred to a cesarean delivery at that
particular dilation. This decision is based on the processing time (i.e., how long the patient remains at a
particular dilation). If this time is greater than the established cutoff time, then the patient is given a
cesarean section due to a “failure to progress” diagnosis. We use this model (Figure 4) to simulate the
current cesarean delivery rate and to experiment with various stopping rules.

2.5.1 Simulation to Achieve Current Cesarean Delivery Rate for Failed to Progress Diagnosis

The Consortium on Safe Labor data (Zhang, Troendle et al. 2010), found that 2% of pre-labor cesarean
deliveries and 47.1% of intrapartum cesarean deliveries are attributed to failure to progress or CPD
(occurs when a baby's head or body is too large to fit through the mother's pelvis). They estimated that
the total cesarean rate was 30.5%. In order to identify the decision rule used to achieve a cesarean rate of
14.9755% (i.e., 30.5% X 49.1% = 14.9755) for a failure to progress/CPD diagnosis, we simulated 200
scenarios with differing stopping rules. For each dilation state we allowed the stopping rule to vary from
1 to 8 hours for 3 cm, 1 to 7 hours for 4 cm, 1 to 4 hours for 5 cm, 1 to 3 hours for states 6 cm through 9
cm, and 1 to 7 hours for 10 cm by an increment of 0.1 hours and calculated the cesarean delivery rate as
well as the absolute value of the difference between the rate and the target rate of 0.149755.
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Figure 4. Screenshot of Simio® simulation Model 2 where patients (EntPatient) enter the system
(SrcLabor) at a rate of exponential(1) hour and progress through each server which is represented by
Srvjem for each cervical dilation j. Once the patient completes each cervical dilation state, a decision is
made of whether to perform a cesarean section given the length of time she was in that particular dilation.
If the length of time exceeds the stabled cutoff time, she delivers through cesarean. Here the simulation
ends with each patient delivering either through cesarean or vaginally.

2.5.2 Experiments with Various Stopping Rules

To gain insight regarding the effects of allowing women to labor longer before deciding to deliver by
cesarean, we experimented with different stopping rules to estimate the resulting cesarean section rate and
the corresponding number of complications. We used probability estimates from Cheng et al. (2009) who
estimated the rate of complications for labors lasting 0-12 hours, 12-18 hours, 18-24 hours, and greater
than 24 hours to calculate the number of complications. The complications we included were birth
trauma, NICU admissions, and a neonatal composite variable which includes 5-min Apgar <7, shoulder
dystocia, and birth trauma. By adding the probability of the complications mentioned for each time
interval, we calculated an expected number of complications that occurred from labor durations of 0-12
hours (0.059), 12-18 hours (0.061), 18-24 hours (0.066), and greater than 24 hours (0.101). We were able
to calculate the expected number of complications for each simulation run as
Expected(Number of Compliations)
= .059 * NumberComplications0_12 + .061 * NumberComplications12_18
+.066 * NumberComplications18_24 + .101 * NumberComplications24.
We estimated the cesarean section rate and number of complications using a stopping criterion of 2
hours, 3 hours, 4 hours, 5 hours, 6 hours, and 7 hours.

3 RESULTS

3.1 Natural Progression of Labor

Simulation Model 1 was run for 52 weeks with 10 replications, we had approximately 8,692 total patients
where 2,662 (30.62 = 0.0016%) were induced labors, 2,762 (31.78 + 0.0034%) were augmented labors
and 3,268 (37.60 £+ 0.0032%) were spontaneous labors. The average time in system, which we define as
the length of the active labor from 3 cm to vaginal delivery, was 8.3093 £ 0.0231 hours. The minimum
and maximum times were 2.3816 £ 0.1179 hours and 20.9249 + 0.4204 hours, respectively. From the
results of this simulation we created an upper bound on the length of active labor. Given the data used,
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we see it would not take longer than 21 hours to reach delivery.
max duration of labor for each dilation state.

Figure 5 shows the min, average, and

300

&

cm 4cm  5cm cn 7cm 8cm 9cm 10cm 10 cm
(epi) (no epi)

Hours

Cervical Dilation States

=¢—Average =ill=Min Max

Figure 5. The min, average, and max amount of time a woman remains in one particular dilation state
according to the simulation.

3.2 Estimate of Current Cesarean Section Rate due to Failure to Progress

We were able to identify three scenarios that resulted in a cesarean section percentage close to 0.149755,
presented in Table 2. It is our assumption that one of the rules identified or a similar decision criteria may
have been used in the 19 hospitals observed by Zhang et al. (2010). We see that the stopping criterion
was above two hours in many states, which differs from the labor progression rules suggested by the
Friedman Curve. Scenario 2 seems to agree with results from Zhang, Landy et al. (2010) who determined
that women should be allowed to labor longer in the first stage of labor for cervical dilation at and below
6 cm. The results for Scenario 1 and 3 differ slightly. Here we see that these scenarios show women
should be allowed to labor longer up to 8 cm and 7 cm, respectively. Thus providing evidence that
allowing women to have a longer first stage of labor can aid in reducing the rate of cesarean deliveries.
These results suggest Scenario 2 gives better insight into the labor rules physicians used for the
Consortium on Safe Labor.

Table 2: Display of duration of labor (in hours) to achieve current rate of 14.9755%.

Scenario 1* Scenario 2 Scenario 3

Duration of Labor 3 cm 6.3 4.5 5.5
Duration of Labor 4 cm 33 4 5.7
Duration of Labor 5 cm 2 2.5 2.3
Duration of Labor 6 cm 2.3 2 2.8
Duration of Labor 7 cm 2.5 2 2.8
Duration of Labor 8 cm 2.3 2 1.8
Duration of Labor 9 cm 1.3 2 1.2
Duration of Labor 10 cm 4.5 4 3.3
Difference from 0.149755 0.0043 0.0098 0.0101
Cesarean Section Percentage 0.1469 £ 0.0047 | 0.1399 +0.0035 0.1598 +0.0042
Number Complications 436.352+£5.3577 | 443.17+54794 | 431.189 +4.7531
Percentage of Complications 0.0505 +£0.0003 | 0.0532 + 0.0002 0.0502+ 0.0002
Total Amount of Births 8668.2 +£90.7094 | 8732.4+£92.9873 | 8697.2 + 80.5021
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33 Effect of Different Stopping Rules

To understand the effect of waiting before deciding a patient has failed to progress and a cesarean section
is necessary, we estimated the cesarean section rate and number of complications using a stopping
criterion of 2 hours, 3 hours, 4 hours, 5 hours, 6 hours, and 7 hours for each dilation state. The results
confirmed the inverse relationship between the number of cesarean deliveries and the number of
complications. We were able to see the largest benefit for waiting an additional hour is for extending the
2 hour and 3 hour rules. That is, allowing women to labor longer than two or three hours before declaring
a failure to progress diagnosis gives the most benefit in terms of the reduction in the number of cesarean
deliveries. Alternatively, the number of complications increases by the largest margin for the 2 hour and
3 hour rules. Both graphs show that as the stopping rules increase, the marginal benefit (and loss) is
minimal. To gain further insight into an optimal stopping rules, we set an upper bound of complications to
437 (the average of the number of complications for Scenarios 1, 2, and 3) and identified a policy that
minimizes the cesarean section rate. We see that the best scenario, Scenario 1, minimizes the cesarean
section rate by allowing the rule to vary depending on dilation state. The comparison of rates and number
of complications are displayed in Figures 6a and 6b as well.

- 0.65 - ¢ . 550 4 .
§ 055 £ 500 - . ¢ ¢
2 045 - g B e
Oz i =
58 03 ¢ £ 350 - *

= =]
8 025 4 O 300 -
£” T 250
£ 015 t—— - °
5 o 200 - 3
5 0.05 - V'S =
a . . *—o— E 150 T T T )

-0.05 0 2 4 6 8 b4 0 2 4 6 8
Number of Hours Allowed to Labor Before Number of Hours Allowed to Labor Before
Failure to Progress Diagnosis Failure to Progress Diagnosis
a) b)

Figure 6: Figure 6a (left) graphs the percentage of cesarean deliveries for various stopping rules. The
current rate is indicated by a solid line and the best scenario rate is indicated by a dashed line. Figure 6b
(right) graphs the number of complications associated with delivery and the length of time in labor for
various stopping rules. The number of complications for current and best scenario is indicated by a solid
line and dashed line, respectively.

4 DISCUSSION

Model 1 provides interesting insight into the total length of active labor for nulliparous women. Since
various complications correspond to the duration of active labor, it is important to understand exactly how
long active labor can last. The model suggests that the longest active labor was approximately 21 hours
which tells us that an active labor lasting longer than 21 hours may be seen as abnormal. We were also
able to show the minimum, average, and maximum duration of labor for each dilation state. As evidenced
by the data provided from Zhang, Troendle et al. (2010), Zhang, Landy et al. (2010), and Harper et al.
(2012), the longest labor duration is for the progression from 3 to 4 cm. The labor duration times decrease
as cervical dilation increases until reaching 10 cm which is similar to other studies.

The results of Model 2 show the importance of dilation-state-specific decision rules for determining
when a patient has failed to progress. The nature of the Friedman Curve provided a blanket stopping rule
which determined that a failure to progress diagnosis should be given after a patient has not progressed
from one centimeter to the next after two hours. We also see from Figures 6 and 7 that the lower cesarean
section rates correspond to a higher number of complications and vice-versa. Since it is not possible to
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lower the cesarean delivery rate without increasing the number of complications, an optimal policy for
ending a trial of labor is one which does not exceed an established amount of complications while also
minimizing the cesarean section rate. The cesarean section rate and number of complications can be best
minimized by employing a varying time stopping rule dependent on the dilation state.

We developed a natural history Simio® simulation model (Model 1) assuming a Beta-Pert
distribution for duration of labor using information from Zhang, Troendle et al. (2010), Zhang, Landy et
al. (2010), Rouse et al. (2009), and Harper et al. (2012). Exploring different distributions for dilation time
may provide more insight into the upper bound of the duration of labor and thus aid in understanding
more about the connection to total time in labor and the rate of complications. A few other distribution
candidates would be the Beta, Exponential, or Lognormal. Since we are limited to only the min, max, and
median times, we felt Beta-Pert was the most appropriate distribution.

Another interesting aspect of this problem, not yet considered, is the effect that epidural analgesia
may have on labor progression. Vahratian et al. (2004) and Thorp et al. (1991) conducted studies
comparing the use and placement of epidural analgesia in labor and its effect on labor progression for
singleton nulliparous deliveries with a spontaneous labor. The results from Vahratian et al. (2004)
showed that the use of an epidural analgesia did not have much effect on labor progression and results
from Thorp, et al. (1991), determined that administering an epidural analgesia resulted in a longer first
and second stage of labor. Although the results of these two studies differ in their results, there may still
be reason to consider the effect that something like epidural analgesia may have on labor progression.

An extension of this model would be to allow for interventions of labor such as induction and assisted
delivery. Here we do not explicitly explore these options. Including these interventions would provide
more insight into what actually happens in practice. However, it is implicitly assumed that if labor is not
interrupted by cesarean section then other methods of labor intervention may be taking place in the course
of the trial of labor. A further extension of this model would be to explore other causes of emergency
cesarean delivery. We only use “failure to progress” as a basis for an emergency cesarean delivery but
there are other complications that occur during pregnancy that prompt for an emergency cesarean section
such as cord prolapse, fetal distress, uterine rupture, and hypertensive disorders.

5 CONCLUSION

The labor and delivery process has changed a great deal over time. Although it can be argued that the
Friedman Curve is no longer effective, its use may still be prevalent and no new clear guidance has been
provided. Since there are different delivery guidelines practiced by various obstetricians, midwives, and
other labor and delivery specialists, we develop a simulation model of labor progression and evaluate
stopping conditions for a trial of labor to mimic the rate of cesarean deliveries given a failure to progress
diagnosis and identify guidelines to assist in reducing the rate of cesarean sections and rate of
complication. This project provides insight into how to model the labor process and lays the foundation
for further research in this area. The decision to administer a cesarean section is a combination of the
health of the mother and child, the length of time of time a woman labors, and her discomfort level. We
have determined that an appropriate labor progression plan is one in which nulliparous singleton births of
women with no prior complications should be allowed to labor longer than two hours which was
established by the Friedman Curve; instead the time should be a function of dilation stage. This is in line
with the current guidelines released by ACOG and SMFM.

REFERENCES
Caruana, Rich, R. S. Niculescu, R B. Rao, C. Simms. 2003. “Evaluating the C-Section Rate of Different

Physician Practices: Using Machine Learning to Model Standard Practice.” In AMIA Annual
Symposium Proceedings: 135-9.

1278



Hicklin, Ivy, Kulkarni, Myers, and Viswanathan

Caughey, A. B., A. G. Cahill, J-M. Guise, D. J. Rouse. 2014. “Safe Prevention of the Primary Cesarean
Delivery.” American Journal of Obstetrics and Gynecology 210: 179-93.

Cesario, S. K. 2014. “Reevaluation of Friedman’s Labor Curve: a Pilot Study.” Journal of Obstetric,
Gynecologic, and Neonatal Nursin, 33: 713-22.

Cheng, Y. W., S. S. Delaney, L. M. Hopkins, A. B. Caughey. 2009. “The Association Between the
Length of First Stage of Labor, Mode of Delivery, and Perinatal Outcomes in Women Undergoing
Induction of Labor.” American Journal of Obstetrics and Gynecology 201: 477.e1-7.

Dahan, M. H., S. Dahan. 2005. “Fetal Weight, Maternal Age and Height Are Poor Predictors of the Need
for Caesarean Section for Arrest of Labor.” Archives of Gynecology and Obstetric, 273: 20-5.

Dugas, M., A. Shorten, E. Dubé, M. Wassef, E. Bujold, N. Chaillet. 2012. “Decision Aid Tools to
Support Women’s Decision Making in Pregnancy and Birth: a Systematic Review and Meta-
Analysis.” Social Science & Medicine 74: 1968-78.

Emmett, C. L., D. J. Murphy, R. R Patel, T. Fahey, C. Jones, I. W. Ricketts, P. Gregor, M. Macleod, A.
A. Montgomery. 2007. “Decision-Making About Mode of Delivery after Previous Caesarean Section:
Development and Piloting of Two Computer-Based Decision Aids.” Health Expectations: an
International Journal of Public Participation in Health Care and Health Policy 10: 161-72.

Getahun, D., Y. Oyelese, H. M. Salihu, C. V. Ananth. 2006. “Previous Cesarean Delivery and Risks of
Placenta Previa and Placental Abruption.” Obstetrics and Gynecology 107: 771-8.

Harlow, B. L., F. D. Frigoletto, D. W. Cramer, J. K. Evans, R. P. Bain, B. Ewigman, D. McNellis. 1995.
“Epidemiologic Predictors of Cesarean Section in Nulliparous Patients at Low Risk.” American
Journal of Obstetrics and Gynecology 172: 156—162.

Harper, L. M., A. B. Caughey, A. O. Odibo, K. A. Roehl, Q. Zhao, A. G. Cahill. 2012. “Normal Progress
of Induced Labor.” Obstetrics and Gynecology 119: 1113-8.

Hill, J. L., M. K. Campbell, G. Y. Zou, J. R. G. Challis, G. Reid, H. Chisaka, A. D. Bocking. 2008.
“Prediction of Preterm Birth in Symptomatic Women Using Decision Tree Modeling for
Biomarkers.” American Journal of Obstetrics and Gynecology 198: 468.e1-7.

James, A. T., L. Eckert, M. S. Ang, D. A. Johnston, A. M. Peaceman, V. M. Parisi. 1991. “Epidural
Analgesia and Cesarean Section for Dystocia: Risk Factors in Nulliparas.” American Journal
Perinatology 8: 402—410.

Labib, N. Y., M. M. Mortada, W. W. Guirguis, H. M. Abd El-Aziz. 2007. “Cesarean Section Deliveries in
One Health Insurance Hospital in Alexandria.” The Journal of the Egyptian Public Health
Association 82: 299-317.

Mankuta, D. 2003. “Vaginal Birth after Cesarean Section: Trial of Labor or Repeat Cesarean Section? A
Decision Analysis.” American Journal of Obstetrics and Gynecology 189: 714-719.

Martin, J. A., E. H. Brady, S. J. Ventura, M. J. K. Osterman, T. J. Matthews. 2013."Births: final data for
2011." National Vital Statistics Report 62.

Miller, D a, J a Chollet, and T M Goodwin. 1997. “Clinical Risk Factors for Placenta Previa-Placenta
Accreta.” American Journal of Obstetrics and Gynecology 177 (1) (July): 210-4.

Montgomery, A. A., C. L. Emmett, T. Fahey, C. Jones, 1. Ricketts, R. R. Patel, T. J. Peters, and D. J.
Murphy. 2007. "Two decision aids for mode of delivery among women with previous caesarean
section: randomised controlled trial." BMJ 334: 1305.

Pitkin, R. M. 2003. Primigravid labor: a graphicostatistical analysis. Obstetrics & Gynecology 101: 216.

Rouse, D. J., S. J. Weiner, S. L. Bloom, M. W. Varner, C. Y. Spong, S. M. Ramin, S. N. Caritis, A. M.
Peaceman, Y. Sorokin, A. Sciscione, M. W. Carpenter, B. M. Mercer, J. M. Thorp Jr., F. D. Malone,
M.Harper, J. D. Iams, G. D. Anderson. 2009. “Second-Stage Labor Duration in Nulliparous Women:
Relationship to Maternal and Perinatal Outcomes.” American Journal of Obstetrics and Gynecology
201: 357.el-7.

Sims, Cynthia J, Leslie Meyn, Rich Caruana, R Bharat Rao, Tom Mitchell, and Marijane Krohn. 1997.
“Predicting Cesarean Delivery with Decision Tree Models”: 1198—-1206.

1279



Hicklin, Ivy, Kulkarni, Myers, and Viswanathan

Smith, G. C. S., M. Dellens, I. R White, J. P. Pell. 2004. “Combined Logistic and Bayesian Modeling of
Cesarean Section Risk.” American Journal of Obstetrics and Gynecology 191: 2029-34.

Stages of Labor | American Pregnancy on Stages of Labor. 2007. American Pregnancy Association.
Accessed March 20. http://americanpregnancy.org/labornbirth/firststage.html

Usta, I. M., E. M. Hobeika, A. A. Abu Musa, G. E. Gabriel, A. H. Nassar. 2005. “Placenta Previa-
Accreta: Risk Factors and Complications.” American Journal of Obstetrics and Gynecology 193:
1045-9.

Vahratian, A., J. Zhang, J. Hasling, J. F. Troendle, M. A. Klebanoff, J. M. Thorp. 2004. “The Effect of
Early Epidural Versus Early Intravenous Analgesia Use on Labor Progression: a Natural
Experiment.” American Journal of Obstetrics and Gynecology 191: 259—65.

Vose, D. 2000. Risk Analysis: A Quantitative Guide. 2™ ed. Chichester: Wiley.

Xu, X., J. S. Ivy, D. A. Patel, S. N. Patel, D. G. Smith, S. B. Ransom, D. Fenner, and J. O. L. DeLancey.
2010. "Pelvic floor consequences of cesarean delivery on maternal request in women with a single
birth: a cost-effectiveness analysis." Journal of Women's Health, 19:147-160.

Zanardo, V., A. K. Simbi, M. Franzoi, G. Solda, A. Salvadori, D. Trevisanuto. 2004. “Neonatal
Respiratory Morbidity Risk and Mode of Delivery at Term: Influence of Timing of Elective
Caesarean Delivery.” Acta peediatrica, 102: 643—-647.

Zhang, J., H. J. Landy, D. Ware Branch, R. Burkman. 2010. “Contemporary Patterns of Spontaneous
Labor With Normal Neonatal Outcomes.” Obstet Gynecol, 116: 1281-1287.

Zhang, J., J. Troendle, U. M. Reddy, S. K. Laughon, D. Ware Branch, R. Burkman, H. J. Landy, J. U.
Hibbard, S. Haberman, M. M. Ramirez, J. L. Bailit, M. K. Hoffman, K. D. Gregory, V. H. Gonzalez-
Quintero, M. Kominiarek, L. A. Learman, C. G. Hatjis, P. van Veldhuisen. 2010. “Contemporary
Cesarean Delivery Practice in the United States.” American Journal of Obstetrics and Gynecology
203: 326.e1-326.¢10.

AUTHOR BIOGRAPHIES

KAREN HICKLIN is a Ph.D. student in the Edward P. Fitts Department of Industrial and Systems
Engineering at North Carolina State University. Her email address is kthickli@ncsu.edu.

JULIE S. IVY is an Associate Professor and Fitts Faculty Fellow in Health Systems Engineering in the
Edward P. Fitts Department of Industrial and Systems Engineering at North Carolina State University.
Her email address is jsivy@ncsu.edu.

VIDYADHAR KULKARNI is a Professor in the Department of Statistics and Operations Research at
the University of North Carolina Chapel Hill. His email address is vkulkarn@email.unc.edu.

EVAN R. MYERS is the Chief of the Division of Clinical and Epidemiological Research for the
Department of Obstetrics and Gynecology Duke University Medical Center, Professor of Obstetrics and
Gynecology at Duke University and an adjunct Associate Professor of Epidemiology at the University of
North Carolina at Chapel Hill. His email address is evan.myers@duke.edu.

MEERA VISWANATHAN is the Director of RTI-UNC Evidence-based Practice Center at RTI
International. Her email address is viswanathan(@rti.org.

1280



