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e g Tt .. Affidavit in Support
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THE HONORABLE JAMES W. TAWLER
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Date of Hearing: April 19, 2022 @ 1:00 p.m.
SUPERIOR COURT

CLERK'S OFFICE

IN THE SUPERIOR COURT OF THE STATE OF WASHINGTON, LEWIS COUNTY

SCOTT HAMILTON, as guardian ad litem for

ZH., NO. 20-2-00543-21

Plaintiffs, DECLARATION OF SUSAN
MACHLER IN SUPPORT OF

)

)

)
VS. %
)  PLAINTIFF’S RESPONSE TO
)
)
)
)
)
)

LINDA AMONDSON-MULLER, Personal
Representative of the ESTATE of LAURA
HAMILTON,

DEFENDANT HAMILTON’S
MOTION TO EXCLUDE
PLAINTIFFS’ EXPERT DR.
FREEMAN AS A DISCOVERY
SANCTION

Defendants.

SUSAN MACHLER, under penalty of perjury under the laws of the State of Washington,
makes the following declarations:
| 8 My name is Susan Machler, and I am competent to testify to matters contained
herein. I am one of the attorneys of record in the above-entitled case. |
2. In the fall of 2021, Ms. Moniz asked to take our experts’ depositions. I asked if
we could put off the depositions until January 2022. Two of our experts had religious holidays in
October and had limited availability. I had trial in mid-November in the matter of Strauss v.
Premera, Case No. 13-2-28143-1. Then, it would be Thanksgiving. Then, others would be
observing a different set of holidays. Ms. Moniz agreed. We never refused to allow expert
depositions. We asked, and Ms. Moniz agreed.
DECLARATION OF SUSAN MACHLER - 1 OSBORN MACHLER
2025 1% Ave., Ste. 1140
Seattle, WA 98121

206-441-4110 (Tel)
206-441-4220 (Fax)
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3. Our expert depositions were taken in January and early February, except for Dr.
Robert Allen and Dr. Freeman. The defense would not make their experts available until all of
plaintiff’s experts had been deposed, even though there is no rule dictating the order in which |
depositions are taken. Further, the defense would not schedule any defense expert depositions
until April. The first defense expert deposition was taken on April 6. Three depositions are
scheduled during the week of April 11. One is scheduled for April 22, and the last is scheduled
for April 25, just two days before Dr. Freeman’s deposition. This means that most of February,
all of March, and part of April passed without any expert discovery that we could provide to Dr.
Freeman.

4. The defense would not give us any information on defense experts, except for
their names. I spoke with Ms. Moniz asking when we would get some information about defense
expert opinions. She replied: “Susan, you already know what they are going to say.” We could
guess what defense experts were going to say, but we did not know.

5. Finally, on March 24, 2022, the defense revealed the opinions of its experts and

‘provided a partial disclosure of the materials their experts relied upon. This was the first

information we received. It was our intention to have an expert to respond to the epidemiological
testimony of defense experts. There are many studies that defense experts claim support their
opinions that the natural forces of labor can cause multi-level permanent brachial plexus avulsion
injuries. We wanted, and still want, Dr. Freeman to address the specific studies the defense
would be relying upon. After defendant made their partial disclosure, it became evident plaintiffs
might be able to address the epidemiological opinions of defendants’ experts during plaintiffs’

case-in-chief. Plaintiffs were unable to speak with Dr. Freeman about this possibility until April

DECLARATION OF SUSAN MACHLER - 2 OSBORN MACHLER
2025 1% Ave., Ste. 1140
Seattle, WA 98121
206-441-4110 (Tel)
206-441-4220 (Fax)
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4, 2022, after which an email was promptly sent to defendant informing them of this
development.

6. We saw no point in having Dr. Freeman’s deposition taken before defense
experts, because he would be addressing the specific medical studies relied upon by the defense
experts. These studies were not disclosed to us until March 24. By then, Dr. Freeman’s
deposition had been scheduled for weeks for April 28. The defense sent the notice of Dr.
Freeman’s deposition on February 17, 2022, after we agreed with Ms. Moniz about the timing of
the deposition.

7 Then, over a month goes by, and the defense files its motion for protective order
to exclude Dr. Freeman. The motion to exclude was not based on a discovery violation. Rather,
the defense complained that plaintiff had too many witnesses testifying about the same issue.
This Court denied the motion.

8. Now, the defense brings another motion to exclude Dr. Freeman as a discovery
violation, even thougil Dr. Freeman’s opinions will address the specific medical literature relied
upon by the defense, which was not provided to us until March 24 and later. We anticipate that
the defense will bring yet another motion to exclude Dr. Freemar, claiming that Dr. Freeman has
misrepresented his qualifications. Our firm prevailed on a similar motion in the Strauss matter. |

9. The defense is focusing all the attention on Dr. Freeman in order to distract from
the defense’s own discovery tactics. The defense s#ill has not provided us with a life care plan
from its life care planner. The defense blames the plaintiff for the absent life care plan and claims
that the plaintiffs have refused to allow the life care planner to examine Z.H. in his home. The

plaintiff has asked multiple times for the legal authority that allows the defense to ask for such an

DECLARATION OF SUSAN MACHLER - 3 OSBORN MACHLER
2025 1% Ave., Ste. 1140
Seattle, WA 98121
206-441-4110 (Tel)
206-441-4220 (Fax)
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intrusion. Finally, the defense latched onto to a CR 34 entry on land as an avenue to “inépect”
plaintiff’s home. When I asked defense counsel whether the life care planner intended to open
drawers and closets, including those belonging to other children in the home, counsel answered
that the defense should be able to search for all “assistive devices.” Counsel also said that the
other children in the home had no privacy interests, because they have no ownership interest in
the home.

10.  We offered to take videos of Z.H. in the home using his assistive devices,
performing school work, and performing activities of daily living. Defense counsel declined,
claiming that plaintiff might stage, rehearse, or modify the video. As soon as our office
attempted to schedule a motion for protective order, the defense indicated that they would no
longer pursue the matter. We offered to schedule a zoom meeting where the life care planner
could give instructions to Z.H.’s mother about what she wanted Z.H. to do, but the defense has
not accepted this offer. We emailed them the videos described above. We anticipate that a life

care plan will be produced shortly before the life care planner’s deposition next Friday or after

the discovery cutoff.

11.  The deposition of the defense life care planner is scheduled for Friday, April 22,

| and the defense still has not provided a life care plan. Further, the defense economist’s

deposition was taken on April 13. The economist’s opinions will change as soon as the life care
plan becomes available, which will require another deposition of the defense economist. Another
deposition of the life care planner may also be required depending on whether she finally

produces a life care plan prior to her deposition.

DECLARATION OF SUSAN MACHLER - 4 OSBORN MACHLER
2025 1%t Ave., Ste. 1140
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12; So far, defense experts have not complied with the subpoena duces tecum sent by
our office. Dr. DeMott provided incomplete lists of their prior testimony for the past five years.
Dr. DeMott’s list ended February 20, 2019, even though he testified in a trial in January, 2020,
regarding a brachial plexus injury.

13.  The deposition of Michelle Grim took place on April 14, 2022. Approximately,
45 minutes into the deposition, Dr. Grimm described how she calculated the uterine forces acting
on a baby during labor. When I asked her where her calculations came from, she testified that the
formulas came from her article published in early 2021. This was the first time we had heard of
this article and that Dr. Grimm would rely on it. Defense counsel emailed it to me, but I could
not read and absorb 17 pages of engineering material. Attached hereto as Exhibit 1.

Dated this 14™ day of April, 2022, at Seattle, Washington.
e .

Susan Machler

DECLARATION OF SUSAN MACHLER - 5 OSBORN MACHLER
2025 1% Ave., Ste. 1140
Seattle, WA 98121
206-441-4110 (Tel)
206-441-4220 (Fax)
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CERTIFICATE OF SERVICE

The undersigned hereby certifies under penalty of perjury under the laws of the State of

Washington that I caused the foregoing to serve upon the following in the manner indicated

below:
Attorneys for Defendant:
Donna Moniz [ ] ViaElectronic Filing
925 4th Ave, Ste. 2300 [] ViaLegal Messenger
Seattle, WA 98104 [ ] ViaU.S. Mail
X] Via E-Mail: monizd@jgkmw.com;
vasquezb@j w.com; randp@jgkmw.com;
sproulj@jgkmw.com
[] ViaFax:
Dated this 15% day of April 2022 at Seattle, Washington.
Jenine Michaelis
Paralegal
DECLARATION OF SUSAN MACHLER - 6 OSBORN MACHLER

2025 1% Ave., Ste. 1140
Seattle, WA 98121
206-441-4110 (Tel)
206-441-4220 (Fax)
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Forces Involved with Labor and Delivery—A Biomechanical Perspective

MicHELE J. GRIMM@®

Departments of Mechanical Engineering and Biomedical Engineering, Michigan State University, 428 S. Shaw Lane,
East Lansing, MI 48824, USA

(Received 1 November 2020; accepted 25 December 2020)

Associate Editor Stefan M. Duma oversaw the review of this article.

Abstract—Childbirth is a primarily biomechanical process of
physiology, and one that engineers have recently begun to
address in a broader fashion. Computational models are
being developed to address the biomechanical effects of
parturition on both maternal and fetal tissues. Experimental
research is being conducted to understand how maternal
tissues adapt to intrauterine forces near the onset of labor.
All of this research requires an understanding of the forces
that are developed through maternal efforts—both uterine
contractions and semi-voluntary pushing—and that can be
applied by the clinician to assist with the delivery. This work
reviews the current state of knowledge regarding forces of
labor and delivery, with a focus on macro-level biomechan-
ics.

Keywords—Birth, Biomechanics.

INTRODUCTION

A number of physiological processes can be evalu-
ated from a primarily biomechanical standpoint—in-
cluding circulation of blood through the
cardiovascular system and movement achieved
through the musculoskeletal system. Both of these
organ systems have long been the focus of biome-
chanical engineers—with significant experimental and
modeling work that has advanced our understanding
of these processes from the macroscale to include cel-
lular biomechanics and mechanobiology. Parturi-
tion—childbirth—is also a predominantly
biomechanical process, but one that has not received
the same level of attention. In the past two decades,
increasing attention has been paid to both the effect of

Address correspondence to Michele J. Grimm, Departments of
Mechanical Engineering and Biomedical Engineering, Michigan
State University, 428 S. Shaw Lane, East Lansing, MI 48824, USA.
Electronic mail: mgrimm@msu.edu

Published online: 11 January 2021

childbirth on maternal and fetal tissues, as well as the
effect of changes in maternal tissue properties on the
initiation of labor. However, there are still key, foun-
dational questions that must be answered about such a
fundamental physiological process. Perhaps the first
building block needed for a complete understanding of
the biomechanics of childbirth are the forces that are
produced during labor and delivery. Such knowledge
will first serve as a fundamental component of under-
standing the physiological and pathophysiological
processes of parturition. Of even greater interest to
engineers, perhaps, is the importance of this founda-
tional information for the development of models of
the effects of normal and abnormal childbirth on both
maternal and fetal outcomes. This review will assess
the current state of knowledge related to the forces that
are important in labor and delivery and will identify
key questions that deserve attention as we advance
research in maternal reproductive biomechanics.

The focus of this review is primarily on macro-level
biomechanics, with a brief look at changes in
myometrial biomechanics due to systemic pathologies.
For those individuals interested in an introduction to
the tissue-level physiology and biomechanics, Garfield
and colleagues published a broad review in 1998 that
discusses fundamental changes in uterine physiology
during pregnancy and parturition.”

CHILDBIRTH—A PRIMER FOR ENGINEERS

Parturition involves the movement of the fetus from
the protective environment of the uterus, through the
maternal pelvis and birth canal, and out to the wider
world. In order to allow for the distension that occurs

© 2021 Biomedical Engineering Society
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during the birth process, the soft tissues of the vagina
and perineum remodel during pregnancy—becoming
more vascular and demonstrating a reduction in stiff-
ness of the connective tissue.* This remodeling is a
complex process that involves a combination of hor-
monal* and mechanical signaling.?®

Once labor is triggered—either at term or prema-
turely—uterine contractions act to dilate the cervix and
advance the infant through the maternal pelvis. The
first stage of labor is defined as the period from labor
onset (establishment of regular contractions) through
complete dilation of the cervix (10 cm dilation and full
effacement/thinning). The first stage of labor is further
divided into latent and active phases, with the start of
the active phase defined based on the establishment of
a regular contraction pattern that dilates the cervix to
between 3 and 6 cm.?* The second stage of labor ex-
tends from complete cervical dilation through to
delivery of the infant, and it normally involves semi-
voluntary maternal pushing in conjunction with con-
tractions. The third stage of labor involves delivery of
the placenta.

In modern times, the vast majority of vaginal births
occur with the infant in a cephalic (headfirst) presen-
tation. Breech presentations, with either the feet or
buttocks as the presenting part, will often be delivered
by cesarean section. For a cephalic delivery, the infant
will advance through the pelvis with the station defined
based on the location of the top of the infant’s head in
comparison with the ischial spines of the mother’s
pelvis (Fig. 1). It is typically scored between — 3 and
+ 3, or — 5 and +5, with a score of 0 indicating that
the head is at the level of the ischial spines. Negative

Ischial Spines

FIGURE 1. Schematic illustration of fetal station, which Is
measured based on the distance of the presenting part of the
infant (typically the head) above or below the ischial spines.
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numbers represent the head being above the level of
the ischial spines, while positive numbers represent the
head being further down towards the pelvic outlet.

As the infant moves into the pelvis and the birth
canal during the first and second stage of labor, it
undergoes seven cardinal movements of labor®®
(Fig. 2). It should be noted that these movements are
purely passive in nature, as the infant’s body interacts
with the maternal pelvis and soft tissues. Engagement
occurs when the largest diameter of the infant’s head
enters the maternal pelvis. This may actually occur
before the onset of labor. Descent involves the con-
tinued movement of the head through the pelvis.
During descent, the infant will undergo flexion, where
the chin is tucked in towards the chest to facilitate
progression of the head through the pelvis. This is
followed by internal rotation, where in most cases the
infant’s head is rotated to an occiput anterior presen-
tation—with the face pointing down towards the mo-
ther’s spine. After the head has rotated, the infant’s
neck extends, and the chin moves away from the chest
as the head follows the shape of the maternal pelvis to
rotate under and around the symphysis pubis—this is
termed extension. As the infant’s head delivers, it then
rotates so that it is in a neutral alignment with the
shoulders, which will typically be in a slight angle from
an anteroposterior (up/down) orientation. This is
known as external rotation or restitution. Finally, ex-
pulsion results in the complete delivery of the infant’s
body—with the anterior shoulder delivering first, be-
fore the posterior shoulder and then the torso.

In addition to the movement of the infant’s body as
it transitions through the pelvis, the infant’s body itself
can experience deformation due to the pressure pro-
duced both within the uterus and by the tissues of the
birth canal. The primary example of this is molding of
the fetal head during labor. Because the sutures of the
fetal skull have not fused at the time of birth, the skull
is able to respord to the forces through an overlapping
of the cranial bomes. This effectively reduces the
diameter of the skull, allowing it to fit through the
openings of the bony pelvis.*

While childbirth is considered by many to be a
simple and automatic process, rates of complication
due to biomechanical factors are still significant. A
failure to progress in labor due to ineffective uterine
contractions and/or maternal pushing efforts may re-
sult in an instrumented delivery (e.g. use of vacuum or
forceps) or a decision to convert to a cesarean sec-
tion. Cephalopelvic disproportion—a mismatch
between the size of the maternal pelvis and the infant’s
head that prevents the passage of the fetus through the
pelvis—is estimated to occur in between 1 and 8% of
deliveries worldwide and generally requires a cesarean
section to avoid both maternal and fetal death.®
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8. Delivery of posterior shoulder

FIGURE 2. Cardinal movements of labor from a Left Occlput Anterior position (i.e. back of Infant’s head facing mother's left leg).
Reprinted with permission from McGraw Hill Education, as originally published in Williams Obstetrics.**

Shoulder dystocia—a delay in’delivering the infant’s
shoulders after the delivery of the head—occurs when
one of the infant’s shoulders impacts with the mother’s
symphysis pubis.?! Shoulder dystocias are documented
in about 1% of deliveries® and can occur independent
of the size of the infant, typically based on a failure of

the infant’s shoulders to rotate from a true antero-
posterior orientation to a slightly oblique presentation.

Throughout the phases of parturition, the forces
produced by the mother—typically referred to as:
maternal forces or endogenous forces—are a key fac-
tor in both the dilation of the cervix and the
advancement of the fetus through the pelvis. Under-
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standing how those forces are produced and trans-
mitted to the fetus—both in terms of magnitude and
direction—is imperative for a biomechanical analysis
of labor and delivery.

THE PURPOSE OF UTERINE PRESSURE
AND FORCES IN CHILDBIRTH

Other than the simplified assertion that uterine
contractions are designed to deliver the fetus from the
maternal to the external environment, what is the
physiological role of the generated forces? Labor is not
a uniform phenomenon—with uterine activity chang-
ing between latent and active labor, as well as between
the first and second stages of labor.

During the first stage of labor, a key function of the
forces generated by the uterus is to dilate the cervix.
Allman and colleagues hypothesized that the connec-
tion between those two physiological phenomena was
two-fold.* First, that the uterine contraction generates
a direct force through the infant’s body to the head and
onto the cervix, similar to a piston. Second, that the
contraction of the uterine muscles acts to pull the
cervix upwards past the head—Ilike “pulling on socks.”
The process by which the temporal variation of a
uterine contraction pulls on the cervix to dilate it and
move it up past the fetal head is clearly described by
Caldeyro-Barcia et al.'® Further evidence of these two
contributions to cervical dilation can be found in the
work of Luria and coauthors, who measured fetal
station (position of the infant’s head within the
maternal pelvis) and cervical dilation simultaneously
and continuously. When plotting time matched fetal
station against cervical dilation during a contraction,
two directions of curve were identified. Clockwise
rotation indicated that the fetal head descended further
into the pelvis before the cervix opening increased—an
illustration of the piston effect. Counterclockwise
rotation in the curves indicated that the cervix dilation
occurred before the head moved down within the pel-
vis, indicating that the soft tissue is being pulled up
past the infant’s head. As had been found with earlier
indirect measures of the head-to-cervix contact
force,'>* Allman et al. found a positive relationship
between the magnitude of the force and the rate of
cervical dilation. Thus, rather than supporting the
hypothesis that higher head-to-cervix force represents
a negative indicator for a successful labor through the
concept of increased cervical resistance, increased force
should be viewed as a positive indicator of a key
mechanism through which cervical dilation occurs.*
With higher head-to-cervix forces, a labor is more
likely to progress to a successful vaginal delivery rather
than be converted to cesarean section.*

BIOMEDICAL
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One application of evaluating uterine contraction
forces can be to estimate the distension force (tension)
that is acting to dilate the cervix. With this goal in
mind, Manabe and Sagawe developed an elegant
mathematical assessment that relates the tension in the
cervix to the resultant force produced through uterine
contractions.*’” While the derivation does not include
any experimental data, the paper provides a unique,
quantitative analysis of the relationship between the
cause and effect of traction on the cervix. They later
applied their model to estimate the change in the force
of cervical dilation before and after membrane rup-
ture.*8

As the fetus descends into and through the pelvis in
both the first and second stages of labor, it is the
coordinated comntraction of the uterus—and the addi-
tion of increased abdominal pressure from the direc-
tion of the fundus during pushing—that advances the
presenting part of the infant (typically the head). The
round ligaments (Fig. 3) are musculotendinous struc-
tures that act to keep the uterus in an appropriate
orientation during pregnancy.”® Active contraction
and passive tension within the round ligaments during
uterine contractions prevent the fundus from being
elevated and therefore contribute to the advancement
of the fetus down into the pelvis.'®

Fundus

Round
Ligament

Pubic Bone

FIGURE 3. Basic anatomy of the gravid uterus, showing the
fundus and the round ligament in relation to the maternal
abdomen and pubic bone.
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FIGURE 4. Characteristic properties of a uterine contraction waveform, as defined by Steer.5'

In the complex biomechanical phenomena that
comprise labor, there are many factors that can play a
role in the variations that are seen. Steer’s research
group determined that any unified biomechanical the-
ory of labor must account for variations in both input
parameters (e.g. parity, administration of induction or
augmentation agents, infant size) and output parame-
ters (e.g. speed of labor).* For example, in a mother
who has previously delivered a large number of infants
(i.e. grand multiparae, P5 and higher), the increased
compliance of the cervix means that less uterine
activity during the st stage of labor will still dilate the
cervix at an adequate rate.” At the macro and tissue-
level, there is still a substantial opportunity to develop

. such a unified model. While some electro-mechanical,

chemo-mechanical, and electro-chemo-mechanical
models of uterine contraction have recently been
developed,**®%® such models are in their infancy.
Currently, they all look at force generation and
expulsion of the fetus from the isolated uterus, without
including any of the resistive tissues of the pelvis or the
pelvic floor musculature. In addition, they have not yet
integrated any of the anatomical, physiological, or
pharmacological variations that Steer has called for in
a unified biomechanical model of labor. With advances
in mechanobiology as well as computational modeling,
this area of research is wide open for further inquiry to
answer key remaining questions.

CONTRACTION PATTERNS OF THE UTERUS

The contraction wave form is generally shaped like
a bell-shaped curve (Fig. 4). There are three important
temporal components of a uterine contraction from a
biomechanics perspective—the frequency of the con-
tractions, the duration of each contraction, and the
rate of increase (and decrease) in the myometrial
contraction. Steer measured the duration of a con-
traction as the time between the abrupt rise in pressure
from baseline relaxation to an offset pressure, typically
about 5 mmHg above baseline.5? Typical contraction
patterns during the active portion of the first stage of
labor involve frequencies of 2 to 5 contractions per 10-
min period,'® or 23 contractions per hour.** During
this phase, an average duration of a contraction is
about 60 5.5 The rise time of a contraction has been
measured clinically to be about 25 seconds during the
active first stage of labor,®” with only a short period of
time at the peak pressure before relaxation begins over
the same type of time frame. Caldeyro-Barcia et al.
reported that the rise time was typically between 30
and 60 s,'® with the longer time corresponding to
periods of less frequent contraction. He also stated that
the relaxation phase takes longer than the contraction
phase.

In 1976, Donati et al. identified 25 parameters to
fully describe a waveform from a standard intrauterine
pressure catheter tracing.”> The parameters were
determined so as to characterize both the temporal and

BIOMEDICAL
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pressure components of the curve, including both the
increasing and decreasing pressure patterns. While the
research team realized that the characteristics were too
‘complex to be implemented for clinical analysis, such
detailed analysis of the variations in intrauterine
pressure may be useful when attempting to develop an
engineering model of labor and delivery.

The force generated by the uterus is not evenly
distributed through the structure at each instant in
time. Caldeyro-Barcia et al. believed that, for normal
labor, the contraction wave is initiated at the fundus
and then progresses down through the midzone to the
lower segment and the cervix with a slight time shift.'
They measured tension within the myometrium using
microballoons implanted within four locations of the
uterine wall, each connected to a manometer. While
the contraction in the various locations was seen to
start at slightly different times, the peak force was
found to occur almost simultaneously in all regions
and then relax synchronously. They documented that
the initiation of the contractile wave takes about 10 to
20 s to move through the uterus. In addition, as the
myometrium is thicker towards the fundus and thinner
towards the lower segment of the uterus, the intensity
of the contraction is stronger in the upper portion of
the uterus. The combination of these phenomena
(downward propagation of the wave, decrease in wave
duration from fundus to cervix, and decreasing inten-
sity of contraction from fundus to cervix) were termed
the “Triple Descending Gradient”, and the presence of
these characteristics was felt to be key to both cervical
dilation and fetal descent (see “The Purpose of Uterine
Forces and Pressure,” above). Inversions to any or all
of the components of the Triple Descending Gradient
can and do occur, each of which can result in a failure
or delay in the progression of labor'® but may not be

readily detectable through traditional tocometer or
intrauterine pressure catheter (IUPC) measurements.
Building on the work of Caldeyro-Barcia from the
1950s, the coordination of contraction and response in
the uterus was further investigated by Allman and
colleagues in the mid-1990’s. By comparing the tem-
poral response of the intrauterine pressure measured
towards the fundus with the resistive force generated
between the fetus’ head and the maternal cervix, it was
possible to determine how those two quantities were
connected.® Three different patterns of force-pressure
relationships were identified. A positive loop (Fig. 5a)
demonstrated that intrauterine pressure increased first,
followed by the head-to-cervix contact force. A neutral
loop (Fig. 5b) showed a temporal alignment of pres-
sure and resistive force, as they increased and
decreased simultaneously (less than a 2 s offset). Fi-
nally, a negative loop (Fig. 5c) showed an increase in
the force between the head and cervix before the
pressure increased in the amniotic fluid near the fun-
dus. Patients were grouped based on whether they were
undergoing a normal progression of labor with spon-
taneous onset, a slow progression of labor following
spontaneous onset, or an induction of labor. The three
patterns of contraction were seen in all patients, and
there was no significant differences between the
groups. However, there was a significantly higher
percentage of negative loops for both spontaneous or
induced labors where oxytocin was used (for either
induction or augmentation)—though there was sub-
stantial overlap between the groups (oxytocin vs. no
oxytocin). Of note, in those deliveries where measure-
ments could be made both before and after the
administration of oxytocin, there was a trend (though
not significant) towards an increase in the percentage
of positive loops and a decrease in the percentage of
negative loops after administration of the drug. In all

120 - 120
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* zo_l - 20 —
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FIGURE 5. Examples of the three possible temporal relations between Intrauterine pressure (IUP) and head-to-cervix contact
force (HCF). (a) shows a positive loop, where IUP increases before HCF. (b) shows a neutral loop, where IUP and HCF rise
simultaneously. (c) shows a negative loop, where IUP lags increases in HCF. Reproduced with permission from John Wiley and

Sons and originally published by Allman et al.®
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labors, the percentage of positive loops tended to in-
crease with increasing frequency of contractions, with
the percentage of mnegative loops concurrently
decreasing at higher frequencies of contractions. Both
relationships were statistically significant, but with R
values of 0.36 and — 0.34, respectively. However, there
was no relationship between the distribution of the
types of loops and the state of cervical dilation (i.e. <
4, 4-7, or 7-10 cm). Allman et al. hypothesized that the
predominance of the negative loops was the result of a
need to create a seal between the fetal head and the
cervix before the intrauterine pressure could increase
as the uterus contracted. Thus, a positive loop only
occurs if the head remains in contact with the cervix
between contractions. This aligns with the relationship
between contraction frequency and the percentage of
positive loops—Iless time between contractions pro-
vides less opportunity for the head to shift away from
the cervix slightly. For models that intend to investi-
gate the dilation of the cervix during labor, including
this variation in apposition of the fetal head and the
cervix—and the resulting change in relationship
between increasing intrauterine pressure and head-to-
cervix pressure—may be a key phenomenon in the
various possible outcomes (e.g. successful labor or
prolonged first stage).

The cellular mechanism of coordination of uterine
contractions is still a matter of scientific debate. Pace-
maker regions,*> “automata” with self-sustaining con-
traction patterns that influence neighboring cells,'":%>"!
myocytes that act as independent oscillators that become
increasingly coupled,®’ the presence of “Cajal-like”
interstitial cells within the myometrium,*® and more
diffuse mechanotransduction responding to increased
intrauterine pressure*>’° have all been recently proposed.
This is an area that is ripe for continued investigation, as
controlling this coordinated contractile activity may be
the key to both supporting effective labor and interven-
ing in cases of pre-term labor.

MEASUREMENTS OF INTRAUTERINE
PRESSURE—FIRST STAGE OF LABOR

During clinical deliveries, intrauterine pressure is
commonly measured in Montevideo units through an
intrauterine pressure catheter (IUPC). Montevideo
units are calculated as the sum of the peak pressure (in
mmHg) of the contractions that take place over a 10-
minute period of time.’® However, the TUPCs used do
not undergo the calibration that is expected for an
engineering assessment of pressure, and they are sus-
ceptible to error if tissue partially or fully obstructs the
catheter tip.'> Thus, while IUPC monitoring provides
important clinical information, from an engineering

point-of-view the information that they convey is more
of a semi-quantitative indication of the pressure gen-
erated by the uterus during labor.

In 1984, Smith published a review of the history of
measurements of intrauterine pressure, which had been
attempted starting in 1872.% The technology available
from the 19th to the mid-20th century, which typically
involved a balloon attached to a manometer via tubing,
limited the accuracy of these measurements—but pro-
vided some important information regarding uterine
activity. Lindgren** presented what remains today the
most complete analysis of intrauterine pressure during
various stages of labor. A small number of additional
studies have been conducted in the past 30 years using
fully calibrated pressure sensors during clinical deliver-
ies. A fraction of these have actually reported on the
range of values measured for intrauterine pressure.
These studies give us a good understanding of the
normal range of pressures developed by the uterus.
These values are summarized in Table 1.

The majority of measurements of intrauterine
pressure have been made after membranes have rup-
tured—as most pressure transducers require the pres-
ence of fluid to interact with the transducer’s
membrane. Ingelman-Sundberg and Lindgren created
a probe that included both encapsulated strain gauges,
to mimic a membrane transducer, and exposed spring-
based strain gauges.’’ They found that the encapsu-
lated transducers were not able to register a quantita-
tively realistic pressure between the fetal membranes
and the uterine wall before the membranes ruptured,
and they attributed this to the fact that there was only
a small amount of air—and no amniotic or other
fluid—between the myometrium and the fetal mem-
branes at that time. After membranes were ruptured,
the encapsulated gauge within the corpus of the uterus
was able to measure the pressure quantitatively; how-
ever, when the gauge was positioned in the lower
uterine segment—where there is minimal amniotic
fluid—it was not able to register a pressure. With the
spring-based strain gauges, it was possible to measure
intrauterine pressure prior to membrane rupture based
on the contact with the tissues; however, the accuracy
of the pressure measurement depended on the orien-
tation of the gauge. When the spring receptor was
positioned to face the fetal membranes, the curve
matched a concurrently measured amniotic fluid
pressure within the membranes. However, when the
spring receptor was facing the uterine wall, it had a
much lower magnitude than the actual pressure curve.
That difference was no longer evident after the mem-
branes had ruptured, based on the presence of amni-
otic fluid around the receptor. The key conclusion
from this set of experiments is that intrauterine pres-
sure measurements generally require the presence of
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TABLE 1. Range of experimentally measured intrauterine pressure during 1st stage of labor. Data are listed as mean = SD where
available. Ranges are provided in parenthesis.

Research  Number of  Patient characteris- Peak uterine
group patients tics Measurement characteristics pressure (mmHg)  Basal tone pressure (mmHg)
Lindgren®? 4 Normal Labor—Prim- Mean maximum pressure over 60 34.4 :+ 0.08 8.9 £ 0.3
igravid min {cervix 3-6 cm)
5 Mean maximum pressure 417 £ 24 9.3+08
(cervix 8-10 cm)
8 Normal Labor—Multi- Mean maximum pressure over 60 49.3 :+ 1.3 8.7 £ 0.3
gravid min (cervix 3-6 cm)
5 Mean maximum pressure (cervix 68.9 :+ 4.1 105+ 1.0
8-10 cm)
Steer®' 20 Induced " Mean of patients at various time 24 + 10to41 £ 13 Adjusted for in calculations of
; points during 1st stage peak uterine pressure
Steer® 40 Varied Mean over 1st stage of labor 10-60
Olah*® 63 Spontaneous Labor + Mean—latent phase of 1st stage 5371 Not reported
Augmentation
Induced Mean—latent phase of 1st stage 41-62

amniotic fluid around the transducer, which occurs
after the membranes rupture. For pressure values be-
fore membranes rupture, customized transducers can
be constructed—but they must be used cautiously to
obtain realistic measurements.

In general, peak uterine pressure during the first
stage of labor ranges from 10 to 50 mmHg, but can be
as high as 60 to 70 mmHg. Lindgren found that during
the first stage of labor, intrauterine pressure tended to
be higher for multiparous women than for primiparous
women, and that pressure in both groups increased
after the membranes had ruptured.** He also found
that pressure increased towards the end of the Ist stage
of labor (8-10 cm dilation) compared to earlier in the
stage (36 cm dilation). There is also some variation
apparent based on whether labor initiated sponta-
neously or through induction.’! In addition, for in-
duced labors, the pressure builds from the initiation of
labor to a stable phase.®* While Steer’s research group
specifically described calculating the peak amniotic
pressure as the value above the basal pressure (the
inate pressure of the intrauterine environment),*%? the
papers by Lindgren and Olah were not clear in how
they determined the peak pressure. Basal pressures are
typically around 10-15 mmHg*¢? or possibly up to 20
mmHg.>” To determine the effect of contractions on
intrauterine pressure, subtracting the basal pressure
from the measured pressure is appropriate.

ESTIMATES OF UTERINE FORCE—FIRST
STAGE OF LABOR

It is not pbssible to measure either the tension
generated by the myometrium or the resultant gener-
ated uterine force directly during a delivery. Therefore,
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either surrogates for uterine force or calculations for
that parameter must be used.

Head-to-cervix force might be one experimentally
measurable surrogate for overall uterine force during
the first stage of labor. It can be seen as representing
the resistant force generated by cervical tissue against
the outward force from uterine pressure and myome-
trial tension. Gough et al.>* developed a force trans-
ducer system to measure the contact force between the
infant’s head and the cervix over the course of the first
stage of labor. They first applied this system in 31
deliveries, involving both multiparous and nulliparous
women. The maximum value for the head-to-cervix
contact force varied between contractions within
individual patients, and also varied substantially
between patients. The 50th percentile contact force
calculated for each patient who went on to a vaginal
delivery varied between about 22 and 100 g-wt (0.216
and 0.981 N).3* However, in order to determine the
overall resistive force, it is necessary to determine not
just the force at one contact point between the cervix
and the fetal head, but the sum of all of those point
contact forces. The importance of this can be seen
from the way in which the head-to-cervix sensor sys-
tem was constructed with multiple force transducers®
(Fig. 6). As the contact area will vary throughout the
first stage of labor, while the cervix dilates, and the
force at different points is not equal even within a
single contraction,® this calculation could be ex-
tremely challenging—and has not yet been attempted
within published literature. Thus, in terms of serving as
a surrogate for uterine force, head-to-cervix contact
force can best be used to indicate the wide variation in
the uterine force produced—even within normal
deliveries.
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FIGURE 6. Sensor system developed by Antonucci et al.? to
measure the contact force at multiple locations between the
fetal head and the birth canal simultaneously. The presence of
concurrent force measurements at each of the six sensors,
which vary In magnitude and comparative amount during
labor, demonstrates the Importance of accounting for the total
resistive force from the maternal soft tissues if this will be
used as a way to estimate maternal expulsive forces.
Reproduced with permission from Elsevier.

Prior to the work of Gough and Steer,* measure-
ments of the contact between the fetal head and birth
canal involved using pressure transducers rather than
force transducers.’”*!"**37 Gough raised the concern
that the use of pressure transducers, which respond to
hydrostatic pressure due to the surrounding fluid as
well as pressures due to perpendicular forces, were not
able to isolate the actual contact force between the
head and the maternal tissue and were influenced by
the amniotic pressure as well. In fact, these studies
generally found that the measured contact pressures
between the fetal head and the maternal tissues were 2—
3 times higher than the concurrently measured
intrauterine forces. Thus, even with the above dis-
cussed challenge of translating a point value to a
resultant resistant force, the use of contact values from
pressure transducers further clouds the assessment.

Steinman, in 1991, published a purely mathematical
model relating the expulsive force as a function of
intrauterine pressure and the unresisted area of the
fetal head—defined based on the amount of dilation of
the cervix.%®> He was attempting to explain the increase
in the rate of cervical dilation that is seen clinically as
the first stage of labor advances in normal labors. The
model predicts that the magnitude of the force driving
dilation will increase as labor continues, even if the
peak intrauterine pressure remains constant. Unfor-
tunately, while he indicated that his predicted pattern
of dilation matched that of Gough,* the only valida-
tion provided was that it was the contact force (vs.
contact pressure) that was the key factor driving dila-

tion. No quantitative or semi-quantitative validation
was provided, however, to advance this past a theo-
retical exercise.

MEASUREMENTS OF INTRAUTERINE
PRESSURE—SECOND STAGE OF LABOR

While intrauterine pressure and the resultant force
in the first stage of labor is due only to uterine con-
tractions, in the second stage there is a significant ad-
ded force that is provided by maternal pushing
through the Valsalva maneuver. Such an action, which
is only semi-voluntary,'* increases the intrabdominal
pressure—which is then transmitted to the uterine
environment. Measurements of intrauterine pressure
during the second stage of labor face the same chal-
lenges during clinical deliveries as during the first stage.
There have been a small number of researchers who
have made use of research protocols to accurately as-
sess this parameter in the clinical realm. These data are
summarized in Table 2.

As with measurements made during the first stage of
labor, Lindgren* provides the most complete analysis
of intrauterine pressure for various portions of the
second stage of labor. For five primiparous women
and five multiparous women, intrauterine pressure was
measured throughout the second stage of labor, and he
divided his measurements into two phases. The first
was from the onset of the second stage through to the
point where the head reached the pelvic floor, defined
by him as descent. The second phase then represented
the end of the 2nd stage of labor, extending from the
time when the head reached the pelvic floor until
delivery of the fetus. He recorded basal pressure of
around 10 mmHg for both groups of patients and

. throughout labor. While multiparous women had a

higher pressure due to contractions alone, as had been
the case during the 1st stage of labor, during the final
portion of the 2nd stage—to deliver the infant’s
head—primiparous women were noted to produce a
greater pressure than multiparous women (means of
120.9 vs. 113.8 ramHg, respectively). This may be due
to the fact that perineal and pelvic tissues have been
found to become more compliant following a first
vaginal delivery,?’ and primariparous mothers possibly
were able—or required—to generate the higher pres-
sure in order to overcome the increased resistance of
the pelvic tissues.

Rempen and Kraus®’ measured intra-amniotic
pressure along with head compression pressure in 42
spontaneous vaginal deliveries. They did not separate
the women based on maternal characteristics. Data
was reported for peak pressure within the amniotic
fluid both as an average of the contractions during the
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TABLE 2. Range of experimentally measured Intrauterine pressure during 2nd stage of labor. Data are listed as mean + SD, when
available. Ranges are provided in parenthese¢s.

Research Number of  Patient char- Peak uterine pres-  Basal tone pres-
group patients acteristics Measurement characteristics sure (mmHg) sure (mmHg)
Buhimschi'® 52 Varied Contractions 65.1 +£2.0 20.5 + 0.9
Mean of 2nd stage
Contractions with Valsalva 928 +£22 233+ 1.1
Mean of 2nd stage
Buhimschi'” 22 Varied Contraction with Valsalva 103 (88-118) Not reported
Mean from head at 3+
Contraction with Valsalva in McRoberts’ Posi- 129 (114-144)
tion—mean from head at 3+
Rempen®® 42 Varied - Contractions with Valsalva 141.6 £ 32.2 19.5
Mean of 2nd stage
Last contraction with Valsalva 151.3 £ 38.2 20.5 i
Lindgren*® 5 Primigravid Contractions alone 50.0 + 1.7 9.7 + 0.06
Mean—descent of fetus
Contractions alone 544+ 14 103+ 27
Mean—end of 2nd stage
Contractions with Valsalva 107.8 £ 5.2 9.7 + 0.06
Mean—descent of fetus
Contractions with Valsalva 120.9 + 3.4 10.3 + 2.78
Mean—end of 2nd stage
5 Multigravid Contractions alone 65.0 £ 2.4 108+ 1.1
Mean—descent of fetus
Contractions alone 68.6 + 2.7 109+ 1.0
Mean—end of 2nd stage ‘
Contractions with Valsalva—descent of fetus 1109+ 5.3 108 + 1.1
Contractions with Valsalva—end of 2nd stage: 113.8 £ 3.6 109+1.0

second stage and for the last contraction. The average
peak pressure among the 42 subjects increased from
141.6 to 151.3 mmHg when comparing the majority of
the pushing phase to the final contraction, at which
point the head was delivered. This was similar to the
finding of Lindgren* that pressure was higher at the
very end of the second stage of labor. The measured

‘basal pressure in the amniotic fluid was about 20

mmHg and did not change significantly between the
second stage as a whole and the last contraction.
Buhimschi and colleagues measured intrauterine
pressure in 52 women of a range of maternal charac-
teristics'® during the second stage of labor. Pushing
was not started until the head was at + 2 station (— 3
to + 3 scale), and pressure with contractions alone was
measured for 15-20 min before pushing started. The
average reported maximum amplitudes were 65 mmHg
during contractions alone and 99.6 mmHg for con-
tractions with Valsalva. The data were not clear in
whether the reported maximum amplitude was deter-
mined directly from the “raw data” or was the differ-
ence between basal (20.5-23.3 mmHg) and peak values

‘for intrauterine pressure. In either case, the measured

pressure values with Valsalva are significantly lower
than those reported by other researchers.
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Buhimschi’s research team also assessed how the use
of McRoberts’ maneuver (hyperflexing the maternal
thighs against the abdomen,*? typically used in cases of
shoulder dystccia) affected the generation of
intrauterine pressure compared to pushing alone and
pushing with a contraction.!” Most of the reported
data was based on the integral of the pressure-time
curve (mmHg s), which makes it more difficult to
compare to other reported data. However, they did say
that the mean pressure amplitude increased from 103
mmHg with Valsalva and contractions in stirrups to
129 mmHg if the mother was pushing with contrac-
tions while in McRoberts’ position. Thus, placing a
mother in McRoberts’ position can improve the effi-
ciency of pushing. However, having the mother simply
push to clear a shoulder dystocia is currently con-
traindicated, as it will both worsen the impact and
stretch the brachial plexus.?® Unfortunately, Buhim-
schi did not report on whether intrauterine pressure
increased simply by placing the mother in McRoberts’
position in the absence of any spontaneous or volun-
tary efforts to generate a maternal force.!” Therefore, it
is not possible to conclude whether the use of McRo-
berts itself may generate intrauterine pressure, whether
it is detrimental or beneficial.
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Similar to most of the data reported for the first
stage of labor, those researchers that reported both
peak intrauterine pressure and basal tone pressure did
not clearly describe whether they had already
accounted for basal pressure in their maximum pres-
sure data. This makes it a greater challenge to deter-
mine what values of intrauterine pressure to use for
models of labor or calculation of forces. However,
some general trends can be determined: (1) intrauterine
pressure varies during the second stage of labor,
increasing towards the very end; (2) maternal pushing
(Valsalva maneuver) substantially increses intrauterine
pressure compared to contractions alone; and (3)
pressures of 115 mmHg in multiparous women and 120
mmHg in primiparous women are normal.

ESTIMATES OF INTRAUTERINE
FORCE—SECOND STAGE OF LABOR

In 1954, Matz provided a review on the subject of
“uterodynamics and labor”.*® In addition to discussing
the current state of knowledge regarding uterine
physiology, he provided values for the force provided
by the uterus. In his estimation, but without reference
or calculation, he stated that the force necessary to
move a baby through an average pelvis was 95 1bf (422
N), while the force that could be provided by the
uterus was 54 1bf (240 N). Thus, by Matz’s estimation,
the remaining 41 1bf (182 N) needed to be provided by
either maternal pushing or the application of forceps
(this was before vacuum assisted delivery was avail-
able). He went on to indicate that the resistance force
of the pelvic musculature averages 30 Ibf (133 N), such
that arithmetically the soft tissues of the birth canal
must provide an additional 11 1bf (49 N) of resistance.
Interestingly, he used these estimates to justify routine
episiotomy, regional anesthesia to relax pelvic tissues,
and the proficient use of forceps in order to reduce the
forces that the fetus would need to experience and
tolerate during childbirth. While neither the analysis
nor the resulting clinical recommendations align with
current standards, this discussion provides some
interesting insight into early estimations of force.
Matz’s estimates contrast greatly with fairly contem-
poraneous rough calculations by Pearse in his 1965
paper on forceps-based traction.> He estimated that
9.3 1bf (41.4 N) of force would be generated due to
contractions, which would then be doubled to 18.6 1bf
(82.8 N) during bearing down. This 5-fold difference in
the estimated force is indicative of the need to truly use
‘an engineering approach to determine the normal
range of intrauterine force values.

Intrauterine pressure can be used to calculate an
effective resultant force. This has been done by a few

different researchers, using different values for both the
cross-sectional area over which the force is applied and
the pressure itself. Both parameters will vary from
delivery to delivery, and—as discussed above—in-
trauterine pressure will vary within a delivery. How-
ever, there have also been different choices made
regarding which anatomy to use to determine the
effective area over which the pressure is applied. What
is the appropriate cross-sectional area to use? This has
varied between the area of an average molded fetal
head,'® to a fully dilated cervix,” to the cross-sectional
area of the fetal torso at the shoulders.>® A discussion
of the effect of these variations has been previously
undertaken,>® including the impact of modeling the
head with a circular or elliptical cross-section.

Table 3 provides a summary of the published cal-
culations for intrauterine force during the second stage
of labor. Ashton-Miller and DeLancey'® selected the
cross-sectional area of a molded fetal head (approxi-
mately 63 cm?) and combined this with intrauterine
pressure values of 8.5 kPa (63.8 mmHg) during a
contraction and 19 kPa (142.5 mmHg) during a con-
traction with bearing down. The calculated uterine
force was then 54 N during a contraction and 120 N
with pushing. Allen and Gurewitsch? used a 10 cm
dilated cervix and a pressure of 10.7 kPa (80 mmHg),
calculating a force of 84 N for a delivery that resulted
in a temporary brachial plexus injury. In that paper,
the intrauterine pressure was measured with a clinical
IUPC, and the pressure during Valsalva was signifi-
cantly lower (approximately 20 mmHg) than the range
of values reported in Table 2 for multiparous women,
even if corrected for basal pressure. Buhimschi’s
research group elected to use a ‘“pelvic inlet area”
calculated based on actual measurements of head cir-
cumference (4 = C%/4n). Using those values and a
range of measured pressures, Buhimschi found that
maternal forces ranged from 82 N for spontaneous
contractions at the pelvic inlet to 129 N with pushing.'’
Grimm calculated variations in generated force for a
range of pressures that represent uterine contractions
alone as well as contractions plus pushing, using data
from Lindgren.** She used elliptical estimates of the
cross-section of the fetal body at the shoulders based
on anthropometric table values for chest depth and
bisacromial diameter taken from 5th, 50th, and 95th
percentile infants. Forces generated by the uterus
ranged from 81 N for a 50th percentile infant due to
contractions alone (50 mmHg or 6.6 kPa) up to 225 N
for a 95th percentile infant delivered by a primiparous
patient with contractions and pushing (120 mmHg or
16 kPa).3*

The variation in pressure that develops in the uterus
is fairly easy to account for, even though there have
been substantial differences found in clinical measure-
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TABLE 3. Calculation of effective intrauterine force by various researchers.

primip

Intrauterine Cross-sec- Calculated
pressure tional area  intrauterine force
Research group Model characteristics (kPa) Anatomical cross-section Used (cm?) (N)
Allen and Gure- Not specified 10.7 (80 Dilated cervix (¢ = 10 cm) 78.5 84
witsch? mmHg)
Ashton-Miller Contractions only 8.5 (64 Fetal molded head, average (¢ =9 63 54
and mmHg) cm)
Delancey'®  Contractions with pushing 19 (142.5 120
mmHg)
" Buhimschi'” Contractions only 9 (67.5 Pelvic inlet area based on mea- 91 82
mmHg) sured head circumferince
Contractions with pushing 14.2 (106.5 129
mmHg)
Grimm* Uterine contraction—primi- 6.7 (50 Shoulder 50th %ile 50th %ile—81
parous mmHg) cross-sectional area of £0th per-  Fetus—120 95th %ile—94
Uterine contraction—multi- 8.7 (65 centile and 95th percentile in- 95th %ile 50th %ile—104
parous mmHg) fants Fetus - 140 95th %ile—122
Uterine contraction with push-  14.4 (108 50th %ile—173
ing—primip mmHg) 95th %ile—202
Uterine contraction w/push- 14.8 (111 50th %ile—178
ing—multip mmHg) 95th %ile—207
Uterine contraction w/push- 15.2 (114 50th %ile—182
ing—end of 2nd mmHg) 95th %ile—213
stage—multip
Uterine contraction w/ push- 16 (120 50th %ile—193
ing—end of 2nd stage— mmHg) 95th %ile—225

ments. Determining the appropriate—and accu-
rate—area over which the pressure is applied to gen-
erate a force is more complicated and is' a focus of
current debate. During the second stage of labor, is the
obstructing area of the fetal “piston” the area of the
dilated cervix or the cross-sectional area of the infant’s
torso? As amniotic fluid is retained in the uterus after
the membranes are ruptured—as evidenced by the fact
that an amniotic pressure can be measured and a vol-
ume of fluid typically accompanies the delivery of the
infant’s body—this author would argue that the body
cross-sectional area is the more appropriate estimate.*’
Mathematically, the surface integral over which the
pressure is applied should be used to convert
intrauterine pressure to a resultant force. This should
then be combined with any force components that
come directly from myometrial contraction in contact
with the fetal body (i.e. a direct force transfer). How-
ever, neither the surface area nor the contact force has
been estimated to date. Accurate measurement of
combined expulsive forces is still an area that warrants
attention by researchers—at which point it may be
possible to reconcile both the values presented in
Table 3 and the 422 N of force that Matz* empirically
estimated was needed to deliver an infant.
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VARIATIONS IN MYOMETRIAL
FORCE—EFFECTS OF SYSTEMIC CONDITIONS

The micro-to-macro connection between the tension
developed in the myometrium and the force generated
by the uterus is still an area that needs significant
investigation. However, the underlying principal is well
understood—the driving tissue-level phenomenon is
the contraction of the smooth muscle of the myome-
trium. Anything that affects the contractility—or
ability to contract—of the myometrium can be ex-
pected to impact the maximum force that can be pro-
duced by uterine contractions. Maternal pathologies or
underlying conditions, such as diabetes and maternal
obesity, have been seen clinically to impact the pro-
gression of labor. However, the cause of these clinical
associations is not immediately apparent. Researchers
have initiated studies into tissue-level biomechanics to
elucidate some of the factors that may explain these
observations.

In 2011, Al-Qahtani et al. investigated the contrac-
tility of myometrium obtained through biopsies of
non-diabetic and diabetic patients undergoing an
elective cesarean section.’ Contractility of the muscle
strip was assessed during a period of spontaneous,
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periodic contractions for the sample tissue. The
researchers found a significant reduction in the
amplitude and duration of the contractions for the
diabetic patients compared to the non-diabetic con-
trols. The diabetic subjects included those who suffered
from Type-I diabetes diagnosed prior to pregnancy as
well as those who had developed gestational diabetes.
The reduced contractile ability was determined to be
independent of subject age, BMI, birthweight of the
infant, gestational age, and whether the diabetes was
addressed through diet or insulin. Based on concurrent
measurements made in this series of experiments, it
was hypothesized that this difference was due to
changes in calcium channel expression and signaling.
There was also a small, but significant, reduction in
myometrial mass between the diabetic and control
subject groups. Thus, a systemic physiological chan-
ge—that manifested either pre-pregnancy or antepar-
tum—had a significant effect on the contraction ability
of the myometrium, and therefore the force that the
uterus would have been able to generate. This differ-
ence may explain the higher rate of cesarean sections
among diabetic patients, especially those that occur
due to a failure of labor to progress.”®

Zhang et al. confirmed the epidemiological findings
that obese women are at a higher risk for cesarean
section, especially due to a delay in the first stage of
labor.” They then studied the contractility of myo-
metrium tissue samples obtained from 73 women
undergoing elective cesarean section, who were divided
into groups defined as underweight (BMI < 19.9 kg
m~2), normal BMI (20 to 24.9 kg m™2), overweight
(BMI of 25 to 29.9 kg m™?), or obese (BMI > 30 kg
m~2). Measuring amplitude and frequency of con-
traction, the results indicated a significantly lower
contractile force and frequency for the samples
obtained from both overweight and obese women
compared to those from women with normal BMI.
Crankshaw recently followed up and expanded on
Zhang's study.?” Samples were taken from 74 donors
during elective cesarean section and were grouped
using the same cutoffs as Zhang, except that the
underweight and normal groups were combined. The
maximum BMI of Crackshaw’s subjects was 50 kg
m~2, while the minimum was 18.5 kg m™~2 In contrast
to Zhang’s findings, they found that maximum
amplitude and mean contractile force were positively
correlated with BMI—so women who were increas-
ingly overweight were expected to be able to generate
more uterine force and higher intrauterine pressures,
which should have a positive effect on the progression
of labor. However, the time that was required for
spontaneous contraction to be initiated in the experi-
mental setup (time to first contraction) and the time to
achieve the maximum amplitude (an indication of

reaching. effective contraction strength) were also
positively correlated with BMI—higher BMI resulted
in more time needed for contractions to begin and
reach a maximum generated tension. These results may
be a factor in the clinical observations that women
with higher BMI have a reduced onset of spontaneous
labor.** Zhang had not completed this broader
assessment of the contractile physiology. As there are
disparate results, this phenomenon does warrant fur-
ther study to better understand the underlying patho-
physiology for the clinical observations—are increased
rates of cesarean section for overweight and obese
women the result primarily of differences in labor
onset and the establishment of active labor, or does the
strength and frequency of uterine contractions also
play a significant role?

It is interesting to note that maternal age has not
been shown to have an impact on myometrial con-
tractility for ages 25 to 40 years® or ages 28 to 52
years.?! Thus, if pregnancy can be established, there is
no indication that there is a higher chance of dys-
functional labor simply based on the mother’s age. In
addition, no statistical difference in contractility was
found for myometrial samples as a function of parity.*

CLINICIAN-APPLIED FORCES

As a comparison with the natural forces of labor
and delivery, it is helpful to be aware of the measure-
ments of force that have been applied by clinicians in
actual deliveries. A clinician might apply force to the
infant through one of three basic mechanisms: their
hands (after the infant’s head delivers), a vacuum
extractor, or forceps. Investigators have conducted
research to quantify all three of these sources of trac-
tion.

The greatest amount of force that has been mea-
sured clinically has been applied through forceps.
Using instrumented forceps, mean maximum traction
forces of 154 to 188 N (34.7 to 42.3 1bf) were measured
in non-shoulder dystocia deliveries.’>*> Pearse docu-
mented a case of 489 N (110 1bf) being applied in one
of the deliveries in his series.®> Key to understanding
the context of these measurements is that only the
compliance of the birth canal and the general shape of
the pelvis provided the resistance to the forceps-ap-
plied traction. There is no indication of any impact
between the fetal shoulder and maternal pelvis in these
sets of deliveries that may have further impeded for-
ward progress of the fetus within the birth canal.

Traction applied through a vacuum is lim-
ited—based on the design of the vacuum—to a force
equal to the vacuum pressure multiplied by the area of
the vacuum cup. Two of the more commonly used
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TABLE 4. Potential traction force supported through a vacuum extractor for stindard sizes and generated pressures.

Vacuum extractor cup diame-  Maximum supported forceat 450 mmHg(Green zo- Maximum supported forceat 600 mmHg(Green zo-

ter (mm) ne—Ilow) (N) ne—high) (N)
50 118 157
60 170 226
70 231 308

TABLE 5. Experimentally measured values for clinician-applied traction during an actual delivery. Data are provided as

mean = S

Research group Number of subjects Delivery characteristics Mean peak clinician force (N)
Allen and Gonik® 20 Routine 46.68 =+ 7.89

7 Difficult 69.37 + 6.71

2 Shoulder dystocia 99.89 + 0.00
Alien and Poggi® 27 Routine with epidural® 343+ 125

5 Routine without epidural 173+ 8.9
Allen and Poggi®* 13 Routine in lithotomy position® 32.0+36

14 Routine in prophylactic McRoberts’ position® 35.5 + 3.1
Peisner™? 6 (5 clinicians) Routine 88.8 + 30 (range 47-135)

4 (8 clinicians)

Vacuum to deliver head—then routirie

57.5 £ 20.3 (range 32-79)

®Included two mild shoulder dystocia deliveries.
®Included one mild shoulder dystocia delivery.

vacuum models are the Kiwi and the Mityvac."
According to the manufacturers’ specifications, each
system has a “green zone” pressure of between 450 and
600 mmHg (60 to 80 kPa). For standard cup sizes
between 50 and 70 mm in diameter, the maximum
force that can be exerted can be calculated based on
the basic equation F = P x A (Table 4). The intro-
duction of a traction indicator in one model of vacuum
allowed a study to be conducted on the actual force
applied during deliveries, and 80% of the deliveries
saw clinicians applying less than 113 N of traction
force.®® In only two of the study’s deliveries was the
maximum traction greater than 132 N. Thus, while the
maximum possible force that can be applied through a
vacuum is similar to what has been measured using
forceps, the actual forces applied by clinicians in the
delivery room tend to be substantially lower.

Two research groups have reported on clinician
applied, manual traction (through the hands) in clini-
cal deliveries. The range of measured values is sum-
marized in Table 5. Allen, working first with Gonik
and then Poggi as collaborating obstetricians, has
measured the applied traction in approximately 100
deliveries.>*>*¢ Both systems measured the contact
force between the physician’s hands and the infant’s
head, and then correlated the contact force with an
applied traction as measured with a simulator in a lab.
While there are possible calibration errors comparing
contact with a slippery fetal head to that with a dry
simulator head, these studies provide the most com-
plete set of data on clinician-applied traction. The
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research team found that clinicians were able to qual-
itatively determine how much force they applied.”® In
some shoulder dystocia deliveries, statistically more
traction was applied than in normal deliveries—but
this was not consistent. Average forces measured by
Allen’s group for normal deliveries were between 17 N
(without an epidural) and 47 N. In 2011, Peisner
introduced a calibrated platform that could directly
measure the resultant force (magnitude and direction)
applied to the infant’s head and used it to characterize
the force applied by eight different providers (phys:-
cians and midwives) in a total of 10 deliveries.** Four
of the deliveries were assessed after the infant’s head
had been delivered via vacuum and the obstetrician
shifted to manual traction. The maximum applied
force for all of the deliveries ranged from 32 to 135 N.
Peisner provided time-dependent plots of both the
magnitude and angle of the applied force from the
delivery of the head through to delivery of the body,
which demonstrated that there was no consistent pat-
tern of force application between the deliveries. Some
of the variation in both the magnitude of the force and
the pattern of application in this set of deliveries is
likely to be due to the fact that a broad range of
clinicians were involved with the study, especially as
compared to the study by Allen’s group. However, this
demonstrates the range of “normal” clinician-applied
force that can be expected in a routine delivery.
Using high-fidelity simulators, clinician applied
forces to the infant’s head during a shoulder dystocia
delivery have ranged from 6 N to 250 N (mean of 106
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N).2 It is difficult to know how accurately these
compare to the force that the same clinician might
apply in an actual delivery room, as the simulators
were designed to not allow delivery unless a particular
maneuver was implemented. A study to compare for-
ces applied in simulated deliveries to those applied in
actual deliveries would be a challenge to conduct for a
reasonably wide range of clinicians. Not only is it a
technical challenge to measure delivery force in a
clinical situation, but the variation in maternal and
fetal properties is different for every delivery. How-
ever, such a study would provide a better under-
standing of whether the quantitative information that
can be obtained from a high-fidelity simulator can be
used to evaluate and inform clinical practice. Buttin'®
has also raised the issue that traditional static simula-
tors, those that represent a limited range of scenarios,
may not accurately represent the complete situation
and all of the key variables, despite the “sensation felt”
by the clinician being similar to the real world. Thus,
while an important component of training regimens,
until validated such simulators should not be used as
representative of actual clinical responses.

Determining a true range of “normal” traction
applied to assist with a delivery—for a range of clini-
cians, delivery scenarios, and both maternal and infant
characteristics—would provide important data to
support clinical teaching along with both development
and validation of computational models of childbirth.
Currently, trainees are taught through an apprentice-
ship model based on observation followed by super-
vised action. Students and new residents may place
their hands over those of the attending or more senior
resident to gain a sense of normal traction, which can
be followed by the teacher placing their hands over the
trainee’s hands to provide feedback about the amount
of traction applied. This apprenticeship structure is
now often combined with simulator training, but the
biofidelity of the simulators can vary significantly. If a
system to accurately evaluate clinically-applied trac-
tion could be developed and broadly implemented, it
may support improved training for all clinicians
involved in supporting deliveries.

CONCLUSIONS

For 2020, it is estimated that worldwide there will be
259 births per minute.'® However, despite the fact that
childbirth is a natural physiological process that can
successfully occur with varying levels of familial,
midwife, or medical support, it still has a significant
complication rate that can affect the immediate and
long-term outcomes of both the mother and child.
Engineers can provide a unique perspective in

addressing the questions that surround the biome-
chanics of labor of delivery—from the mechanobio-
logical to the macro level. This field of biomechanical
research is still relatively new, but there is a growing
and connected community of researchers. This review
has focused on the current state of knowledge—and
the current gaps in knowledge—regarding one of the
key foundational biomechanical concepts of labor and
delivery, namely the maternal and clinician-applied
forces that act to move the infant from the uterus to
the outside world. The goal of this review is that it will
provide a consolidated source of information for
individuals developing computational models of par-
turition as well as catalyze new directions of inquiry.
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