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Abstract
The delivery of healthy babies is the primary goal of obstetric care. Many technologies have been developed to reduce both 
maternal and fetal risks for poor outcomes. For 50 years, electronic fetal monitoring (EFM) has been used extensively in 
labor attempting to prevent a large proportion of neonatal encephalopathy and cerebral palsy. However, even key opinion 
leaders admit that EFM has mostly failed to achieve this goal. We believe this situation emanates from a fundamental mis-
understanding of differences between screening and diagnostic tests, considerable subjectivity and inter-observer variability 
in EFM interpretation, failure to address the pathophysiology of fetal compromise, and a tunnel vision focus. To address 
these suboptimal results, several iterations of increasingly sophisticated analyses have intended to improve the situation. 
We believe that part of the continuing problem is that the focus of EFM has been too narrow ignoring important contextual 
issues such as maternal, fetal, and obstetrical risk factors, and increased uterine contraction frequency. All of these can sig-
nificantly impact the application of EFM to intrapartum care. We have recently developed a new clinical approach, the Fetal 
Reserve Index (FRI), contextualizing EFM interpretation. Our data suggest the FRI is capable of providing higher accuracy 
and earlier detection of emerging fetal compromise. Over time, artificial intelligence/machine learning approaches will likely 
improve measurements and interpretation of FHR characteristics and other relevant variables. Such future developments 
will allow us to develop more comprehensive models that increase the interpretability and utility of interfaces for clinical 
decision making during the intrapartum period.

Keywords Electronic fetal monitoring · Screening tests · Artificial intelligence · Computerized electronic fetal monitoring · 
Fetal Reserve Index

Fundamentals

In 1889, there was a serious proposal to close down the 
United States Patent Office because “everything” that can 
be invented had already been invented [1]. Roughly 11 mil-
lion issued patents later, the submission rate continues to be 

robust, and filings based upon foreign issuances and sub-
missions form an ever-increasing proportion of the Patent 
Office’s work. Clearly, the process of creating new knowl-
edge, publishing it, and protecting it continues to progress 
at an ever-increasing rate. The sources of support for such 
work have expanded over the past couple of decades as tra-
ditional funders of such efforts (universities, governments, 
and philanthropists) have been supplemented and, in some 
cases, replaced by venture capitalists whose business models 
are not known for their patience.

In many respects, the old adage “necessity is the mother 
of invention” has been replaced by “invention is the mother 
of necessity” [2]. The Fax machine in the 1980s, cell phones 
and email in the 90 s, I-pads in the 00 s, and the mush-
rooming of Zoom and related technologies in the pandemic 
are classic examples of technological capabilities creating 
a need for their use. This is easy to overstate, however. For 
example, Motorola developed a “game changing” new satel-
lite phone in the 1990s. However, it had a fundamental flaw. 
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It weighed as much as a brick and cost a small fortune. One 
of the lessons that came out of an NSF analysis of adoption 
of new communication technologies was that they had to be 
both reliable and have real, perceived, and actual advantages 
for widescale adoption to take place [3].

In medicine, there is inherent stress emanating from pres-
sures to produce new technologies that improve care and, at 
the same time, are novel enough to create a niche in the mar-
ketplace. However, historically, physicians, and particularly 
obstetricians, have been far more hesitant to adopt “game 
changing,” disruptive technologies than are professionals 
working in many other consumer products, services, and 
scientific fields [2]. Here, we will review the 50-year history 
of electronic fetal monitoring (EFM) in the USA, known as 
cardiotocography (CTG) in much of the rest of the world. 
We believe that, for purposes of evaluation, EFM must be 
construed as a classic screening test. Only then can we assess 
how actual technology approaches both followed and skirted 
basic evaluation principles for development and diffusion, 
how new approaches were implemented, how methods used 
and ignored classic statistical performance metrics, and how 
attention has been fixated on FHR characteristics rather than 
developing more comprehensive, contextualized approaches 
[4].

There are many reasons for the relatively slow adoption 
rates of new technologies in medicine. With every potential 
for significant improvements in patient care and their atten-
dant rewards (academic, personal, and sometimes financial) 
comes a negative potential risk for being wrong (e.g., drugs 
such as diethylstilbestrol and technologies such as fetal 
oximetry) [5, 6]. In the USA and several other countries, 
fear of liability exposure, which is very high in obstetrics as 
compared to many other medical fields, is often cited as the 
driving force that limits care options [7, 8]. It often appears 
that only after a new approach has become widely accepted 
throughout much of the world does it enter into practice in 
the USA.

There is a dedicated field of technology innovation and 
assessment whose principles are generalizable across disci-
plines. This field has its own literature, societies, and meet-
ings that, in turn, create norms, models, and expectations [9, 
10]. An understanding of the commonalities of introducing 
new technology, regardless of the specific field, can help to 
avoid common pitfalls in such undertakings.

We can divide technology development broadly into two 
distinct components. First there is the phase of “develop-
ment.” In general, and more commonly in the past, new 
ideas in medicine most often originated within academic 
settings, where they were conceptualized, tested, published, 
and occasionally patented [9, 10]. Such publications and 
presentations often begin to create demand for the appli-
cation of these new ideas. As such demand increases, the 
original developers can no longer manage it. Other parties 

want “in” on the game, and new users enter the field. This 
is the “diffusion” phase. As classic technology assessment 
literature has shown for decades, during diffusion, utilization 
of new technologies increases, and complications skyrocket. 
Only after a period of time during which clinicians learn 
the new technology, often led by younger practitioners who 
did not “grow up” using the old model, does the situation 
calm down. These same concepts apply equally to medical 
therapies, surgical procedures, and laboratory tests [9, 10].

The life cycle of a new or better technology eventually 
results in its displacing the old technology. This situation 
is often complicated by the behavior of those accustomed 
to the existing technology who may be motivated in terms 
of beliefs (claims to superior knowledge) or by financial 
interests (sources of their livelihood) to preserve the exist-
ing technology and undermine emerging rival technologies. 
The Nobel Laureate, Max Planck, presented a dismal view 
of this process more than a hundred years ago, arguing that 
“a new scientific truth does not triumph by convincing its 
opponents and making them see the light, but rather because 
its opponents eventually die, and a new generation grows up 
that is familiar with it” [11].

Screening for risk and testing for actual diagnoses are 
integral parts of medical practice. When compared with 
many other medical specialties, Obstetrics usually has a 
higher percentage of patients who are healthy. This specialty 
tends to utilize screening tests more often than other special-
ties to cull the larger mostly low-risk population. The goal 
is to identify a subset of high-risk patients for whom the use 
of more expensive diagnostic tests is justified that may then 
lead to riskier interventions and subsequent complications. 
Many screening and diagnostic tests have often adhered to 
the fundamental criteria (below), but some have deviated 
considerably from them and have yielded highly variable 
results.

There are several criteria that are generally felt required 
before deciding to screen for a condition (Table 1) [12]. 
The principles of evaluation, or performance characteris-
tics, were introduced into clinical practice in the 1970s by 
Galen and Gambino [13]. They establish the boundaries of a 

Table 1  Criteria for program 
screening

Criteria for screening programs

Relatively frequent disorder
Impairing or fatal
Beneficial intervention possible
Good performance metrics
(high sensitivity, specificity, and 

predictive values)
Prompt testing and follow-up
Benefits outweigh costs
Voluntary and educational
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playing field and a scoring system within which competitors 
that may offer better ways of doing things can be evaluated. 
Lack of rigor in development and application of screen-
ing tests can lead to poor performance metrics (e.g., low 
sensitivity and positive predictive values). Disproportion-
ate reliance, expectations, expenditures, and complications 
can result from follow-up diagnostic testing that was likely 
unnecessary. An often-underappreciated goal of a screening 
program that is its ability to detect the maximum number 
of affected individuals for the lowest number that screen 
positive in a population, rather than to identify any specific 
individual with the condition or problem of interest [13]. 
Where to put the cutoff point is arbitrary, but it must be 
maintained to ensure maximum precision.

Many, if not most, patients and physicians do not under-
stand the difference between screening and diagnosis [4, 13]. 
Screening tests are meant for all patients, and they are only 
required to distinguish individuals with high enough risk 
to warrant diagnostic testing from those without such risk. 
They do not give definitive answers. How well they do their 
job is defined by the metrics of sensitivity, specificity, and 
positive and negative predictive values [4, 12]. Diagnostic 
tests are meant to give definitive answers. Such tests may 
carry risks, may be expensive, and consequently are only 
intended for patients at a high enough risk to warrant their 
use.

In Obstetrics, many of the outcomes of concern are rare, 
so looking only at the overall accuracy of a test or a model 
constructed from logistic regression (the proportion of all 
cases that are correctly identified as being either problematic 
or unproblematic) is almost useless. This is because it will 
identify so many true negatives because of the rarity of the 
phenomenon in question. Sensitivity, known more gener-
ally as “Recall” for those working in Machine Learning, 
has become standard when the cost of being wrong is high. 
The primary question of interest is: of all the cases that are 
considered problematic by the screen, what proportion are 
actually problematic? Positive Predictive Value (PPV), also 
known as “Precision,” helps us understand how correct a 
model is when it predicts there is a problem: it is the propor-
tion of all cases predicted as problematic that are actually 
problematic [14, 15]. Finally, a summary score of Accuracy 
that is replacing the traditional measure of accuracy is called 
the F1 score. It combines both Precision and Recall in such 
a way as to yield a metric that varies between 0 and 1, with 
low scores representing a test that yields large proportions of 
false positives and false negatives, and high scores (closer to 
1) identifying tests or models that have very low percentages 
of false positives and false negatives.

The above principles lay the foundation to analyze how 
the impact of technology like EFM could best be evalu-
ated. By analogy, currently debated evolutions include the 
use of cell-free fetal DNA (cffDNA) versus procedures 

with microarrays, and pan-ethnic Mendelian screening [1, 
16–18]; cffDNA clearly identifies an increased percentage 
of fetuses with Down syndrome, but at the cost of aban-
donment of diagnostic procedures with microarray analysis 
which could detect a far higher number of additional seri-
ous disorders [14, 15]. Conversely, pan-ethnic Mendelian 
screening is still underutilized [16]. Even in well-identified 
risk groups such as the Ashkenazi Jewish population, such 
screening finds more abnormalities that are not within the 
typical Ashkenazi panel than are within it [16].

We believe a considerable reason for the disparities 
between utilization of cffDNA versus utilization of micro-
arrays and expanded Mendelian screening is related to the 
culture of venture capitalism vs traditional academic under-
pinnings [1]. cffDNA was rushed into practice with high 
marketing budget pressures by companies but relatively few 
peer-reviewed publications. Microarrays followed the tra-
ditional rigorous process of undergoing numerous studies, 
including an NIH-sponsored multicenter randomized trial, 
before being entered into practice [16, 17, 19]. Similarly, 
the rapid adoption of EFM into clinical practice occurred 
before many basic principles for its application had been 
established and properly understood [20].

Moving Goal Posts

We have previously written on many of the basic principles 
of screening and argued that EFM as it is currently being 
used falls short of satisfying them [4, 21–30]. In spite of 
being introduced into widespread practice about 50 years 
ago, there is still a wide confusion as to precisely what EFM 
is trying to accomplish, and how well it does it [20].

We have already presented what a screening test is 
intended to accomplish and that there should be an a priori 
consensus on the definitions of what is normal and what is 
abnormal. If an a priori consensus has not been established, 
then the ability of any screening test to distinguish between 
these two conditions will be impossible [4].

Today, nearly all obstetric care providers can agree that 
the use of EFM has succeeded in significantly reducing 
the risk of preventable intrapartum fetal deaths [31, 32]. If 
that were the only goal and metric, there would be nothing 
further to discuss. However, a subsequent goal for EFM 
was to try to prevent fetal hypoxia, fetal acidemia, neonatal 
encephalopathy, and cerebral palsy (CP). If one considers 
CP as the final “dependent variable,” all of the other vari-
ables, while being diagnoses in their own right, can also 
be thought of as screening tests for CP or least as alterna-
tive pathways of a model for health assessment. In the 
1970s and early 1980s, when fetal scalp blood sampling 
(FBS) was common, acidemia could be directly evaluated 
by measuring capillary blood pH and base excess [33]. 
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Eventually, EFM was felt to be accurate enough to replace 
FBS (not entirely true in Europe where EFM developed 
in parallel with the USA and South America). Given the 
generally accepted conclusion that EFM does not perform 
well enough, it is not surprising that some investigators are 
still trying to improve it [34, 35].

At its inception, EFM interpretation was a cottage 
industry with wide variation in what was considered nor-
mal and abnormal and a wide variety of terms and defini-
tions for interpretation. The NICHD-initiated effort in the 
US to improve this confusing situation was to organize an 
expert panel that would create a uniform terminology for 
EFM interpretation [34]. This was followed up by a second 
expert panel that generated an ACOG Practice Bulletin to 
present a summary of the uniform terminology for EFM 
interpretation [36].

In response to the challenges of preventing the adverse 
outcomes of neonatal encephalopathy and CP, in 2000, 
the American College of Obstetricians and Gynecolo-
gists (ACOG) assembled an interdisciplinary committee. 
This committee’s charge was to review the literature and 
establish a compendium of the best science available to 
determine the relative associations of intrapartum factors 
with the outcomes of neonatal encephalopathy and CP. 
A monograph was published in 2003 which concluded 
that most CP was preordained before labor—either from 
genetic or other preexisting conditions. As a result, most 
CP cases were thought not to be caused by events during 
labor and delivery and were essentially nonpreventable 
[31] (Table 2).

This first monograph helped to develop a way of think-
ing about causation in the development of CP. It did not 
solve all the problems surrounding the onset or causation 
of this condition and provided little help for directing man-
agement approaches. A second edition in 2014 updated 

the first edition but reached very similar conclusions (dis-
cussed below) [32].

How Much of Cerebral Palsy is Preordained?

A very high proportion of obstetrical malpractice litigation 
has focused on whether an allegedly damaged baby devel-
oped CP because of mismanagement of labor and delivery 
or whether it was caused by events or conditions that pre-
ceded the onset of labor or came after birth [37]. A com-
plete discussion of this issue is beyond the scope of this 
paper, but some salient concepts have been developed over 
the past several years. The extremist notions that either all 
cases of CP are genetic or that none are, have fortunately 
become less frequently promoted but have not entirely dis-
appeared. Even the conceptual shift that most CP occurred 
before labor began must be further subdivided into those 
causes, such as genetic, that are not preventable, and those 
that might have been prevented with earlier recognition of 
risk [38]. The simplistic idea, in part promulgated by the 
ACOG monographs, was that rigid criteria (e.g., a pH in 
cord blood < 7.00) were required to attribute CP to intrapar-
tum events. This notion has been refuted by more recent data 
that have found that most CP cases never exhibited Category 
III tracings which were thought to reflect such conditions 
[21]. Nevertheless, such polarized opinions are still baked 
into much of the discussion (discussed below).

Genetics of Cerebral Palsy

For decades, reports, such as that by Nelson and Ellenberg 
in 1984, studied the incidence of CP in term babies with 
and without obstetrical complications and with and with-
out febrility [39]. They reported essentially no difference 
in the incidence of CP in babies > 2500 g regardless of the 
presence of obstetrical complications as long as the 5-min 

Table 2  ACOG essential criteria

ACOG essential criteria to conclude NE related to “an acute intrapartum event” (must meet all four)

1. Evidence of a metabolic acidosis in fetal umbilical cord arterial blood obtained at delivery (pH < 7 and base deficit ≥ 12 mMol/L)
2. Early onset of severe or moderate neonatal encephalopathy in infants born at 34 or more weeks of gestation
3. Cerebral palsy of the spastic quadriplegic or dyskinetic type
4. Exclusion of other identifiable etiologies such as trauma, coagulation disorders, infectious conditions, or “genetic disorders”
Criteria that collectively suggest an intrapartum timing (within close proximity to labor and delivery (e.g., 0–48 h) but are nonspecific as to 

axphyxial insults
1. A sentinel (signal) hypoxic event occurring immediately before or during labor
2. A sudden and sustained fetal bradycardia or the absence of fetal heart rate variability in the presence of persistent, late, or variable 

decelerations, usually after a hypoxic sentinel event when the pattern was previously normal
3. Apgar scores of 0–3 beyond 5 min
4. Onset of multisystem involvement within 72 h of birth
5. Early imaging study showing evidence of acute non-focal “cerebral abnormality”
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Apgar returned to normal. In 1986, they reported that only 
about 21% of CP children had a marker for asphyxia, and of 
these more than half had a congenital malformation or other 
intrinsic defect that might have contributed to an unfavorable 
outcome [40]. Later, infection—either pre or postnatal—was 
added to the non-labor–related causative etiologies. Overall, 
these papers led to the perception (commonly quoted) that 
perhaps 90% of CP was either of genetic or had some other 
congenital basis [41].

Numerous genetic etiologies for CP were detailed in the 
first edition of the ACOG monograph, but those (mostly due 
to biochemical abnormalities) represented a small propor-
tion of affected cases [29]. The development of increasingly 
sophisticated laboratory techniques such as microarrays and 
whole exome sequencing (WES) has enabled more clari-
fication of the molecular etiology of hundreds of types of 
abnormalities for CP and many other issues [42, 43]. Nakao 
et al. recently categorized over 1000 cases of CP in Japan 
[44]. They divided patients into 5 categories: (1) Cases 
with bradycardia on admission (suggesting damage already 
occurred), (2) Persistently non-reassuring FHR, (3) Reassur-
ing prolonged decelerations, (4) “Hon’s pattern” of reassur-
ing FHR gradually deteriorating, and (5) Persistently reas-
suring patterns throughout [44]. Our analysis of their data 
suggested that 30% cases were determined before admis-
sion, which we believe include cases that are due to genetic 
causes and those that are not but that had suffered damage 
in the antenatal period [38]. Nakao et al. also found 19% of 
CP cases were unclassifiable (which by itself is enough to 
conclude that EFM is not a well-performing screening test). 
Only 16% of CP babies exhibited “Hon’s pattern” which they 
concluded were the only ones for which prenatal manage-
ment might have contributed to neonatal compromise [44]. 
Recent papers using whole-exome sequencing (WES) have 
suggested that approximately one third of CP cases have a 
molecular variant responsible for their phenotypic manifes-
tations [45]. This seems to be a very reasonable conclusion. 
The exact penetrance and expressivity of these markers will 
clearly vary, and their relationship with external stresses 
will need considerable exploration. Furthermore, just as 
ultrasound markers such as a 2-vessel umbilical cord and 
choroid plexus cysts were originally felt to carry a very high 
risk of aneuploidy, improvements in ultrasound examination 
(and in molecular genetic techniques) now show that those 
ultrasound markers, when isolated, carry no increased risk 
of genetic abnormalities [46]. As more CP cases undergo 
sophisticated genetic testing, it seems quite likely that such 
cases will sort themselves out—analogous to the advanced 
investigation of variants of uncertain origin resulting from 
the new techniques of molecular testing.

Many current papers, such as those by Rossi and Pre-
fumo, started out their investigation of CP and EFM with 
statements such as “As only a small proportion of HIE 

depends upon an asphyxia event during labor, strict criteria 
were developed, according to which a sentinel event leading 
to acute fetal hypoxia or placental hypoperfusion is manda-
tory to classify HIE as a result of intrapartum asphyxia” [31, 
32, 47] (Table 2). These criteria are listed in the original 
ACOG Monograph (2003) [31] of which one of us (MIE) 
was an author. ACOG published a revised edition in 2014.

Rossi and Prefumo then backed off a bit, noting that “as 
brain damage might occur in low-risk pregnancies without 
sentinel events, preconceptual and antepartum risk factors 
might superimpose to intrapartum hypoxia and predispose 
the fetus to brain injury secondary to the hypoxia result-
ing from uterine contractions [48]. There has been a lack of 
consensus on the exact pathophysiology of damage which 
we cannot solve here, but it is clear that multiple mecha-
nisms of pathology can only hinder the statistical perfor-
mance of any single screening and diagnostic approach. 
Although a healthy fetus is able to sustain the stresses of 
labor and prolonged second stage, a compromised fetus is 
highly susceptible to hypoxia generated by uterine contrac-
tions. As the timing of hypoxia is hard to ascertain, several 
studies have attempted to identify risk factors in order to 
select fetuses that might benefit from strict monitoring dur-
ing labor [49–51] (discussed later).

In 2008, to refine the intrapartum management aspect of 
fetal monitoring, ACOG introduced a three-tiered “category 
system” (CAT system) based on the presumed presence or 
absence of fetal acidemia [52–54]. Category I (CAT I) repre-
sents a completely reassuring tracing (i.e., absent acidemia). 
Category III (CAT III) suggests imminent danger or pres-
ence of injury and the need for immediate delivery from 
presumed acidemia to prevent or decrease worsening of the 
fetal injury. Category II (CAT II) shows “elements of con-
cern,” but it is “intermediate,” (i.e., non-diagnostic). There is 
no specific metric or conceptual agreement on how hypoxia 
or acidosis came to be present, or how much time the fetus 
has left before irreversible neurological injury occurs. In 
addition to continued observation, the 2014 ACOG Mono-
graph offers management recommendations for intrapartum 
resuscitation depending on whether the elements of concern 
are recurrent variable or late decelerations [32, 54]. Implicit 
is the assumption that, without acidemia that is significant 
enough to cause neurological injury, an “essential” param-
eter of intrapartum injury, the fetus is otherwise “normal.” 
The CAT II tracing has received considerable criticism and 
been redefined by others, but such reformulations have not 
successfully led to improved outcomes [32, 55, 56]. As 
per the principles articulated above, the goal of a screen-
ing program is to identify cases at high risk with enough 
discriminatory power to signal concern but to do so before 
irreversible sequelae occur [57]. Only then can EFM be 
a true screening test for neurological injury accompanied 
by the opportunity to correct the pathophysiology before 
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irreversible fetal neurological injury occurs. Most babies 
with CP do not have CAT III tracings; yet it is a common 
defense argument that no intervention in labor was needed 
as the tracings were only CAT II [58].

Screening tests are always a trade-off of increasing sensi-
tivity at the price of more false positives or increasing posi-
tive predictive value but tolerating more false negatives. By 
definition, a screening test is not perfect. If it were, it would 
be a diagnostic test. By analogy to maternal serum alpha 
fetoprotein screening for neural tube defects that began in the 
1970s, reaching Category III is very far out on the right of 
the distribution curve such that it has a high positive predic-
tive value. However, there is a poor sensitivity because of 
too many false negatives [4] (Fig. 1). Developing an optimal 
cutoff relies upon a combination of the statistical metrics 
just described but then has to consider the contextualized 
implications (clinical, financial, legal, and public policy) of 
being wrong.

Based on the retrospective analysis of the ACOG mono-
graphs on neonatal encephalopathy and cerebral palsy (CP), 
the CAT system can actually only serve as a screening test 
for injury that has already occurred or is in the process of 
occurring [31, 32]. By the time CAT III is reached, it is often 
too late to alter the sequelae of fetal injury, even if an emer-
gency operative delivery (EOD) were performed.

The EFM characteristics of CAT III tracings, which coin-
cide with the critical acid–base derangements noted in the 
ACOG Monograph criteria, are absent FHR variability or 

sinusoidal pattern of the FHR baseline, absent FHR accel-
erations, FHR decelerations with late recovery, absent varia-
bility during the recovery and tachycardia (often > 180 bpm), 
or an agonal baseline.

We believe that in order to prevent neurological injury 
from occurring, the CAT III diagnostic criteria must be 
replaced by criteria that would be useful for earlier detec-
tion of the sequence of events that leads to abnormal fetal 
acid–base balance, as well as other mechanisms that may 
result in neurological injury [4]. Such a screening test 
could then serve to evaluate the risk of neurological injury 
if labor were to continue without resuscitation or interven-
tion. Therefore, it is imperative to understand the interrela-
tionships among the EFM monitoring parameters since the 
presence of one abnormality affects the others and may do 
so either additively or interactively.

We have analyzed patients who entered labor with CAT I 
tracings and delivered a baby with CP without any apparent 
cause other than labor [21–26]. We have analyzed the degree 
of abnormality of the individual EFM parameters and the 
timing and duration of abnormalities during the course of 
labor and delivery. Fetuses that were normal at the onset of 
labor and that went on to develop CP typically demonstrate 
a characteristic pattern: hypoxia/ischemia, and predictable 
deterioration to the point of injury in association with exces-
sive uterine activity (≥ 8 UCs/20 min).

The apparent ontogeny of hypoxia/asphyxia in pregnan-
cies where fetuses are “normal/uninjured” at the onset of 

Fig. 1  Using the screening 
model of maternal serum alpha 
fetoprotein as a model, Cat-
egory III has its cutoff far out 
to the right on the curve such 
that it would have a very high 
positive predictive value but 
many false negatives. Category 
II is too far to the left—giving 
a high sensitivity but too many 
false positives
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labor starts with the occurrence of contractions. In our stud-
ies, for control patients (good outcomes), the average length 
of labor was 11.3 h, while for those patients whose infants 
developed CP, the average length of labor was 17.7 h. There 
were several other differences in the average time to initial 
appearance of EFM abnormalities and the order of dete-
rioration of EFM variables, and there was progressive and 
relatively predictable loss of reassuring characteristics of 
EFM parameters [4, 21–30]. With traditional overall assess-
ment of the FHR tracing, we noted, as internal benchmarks 
for our studies, both the point when the fetus became “no 
longer reassuring (which we define as Point A)” and then 
the point at which it became “injured (which we define as 
Point B).” While almost all the CP cases reached both Points 
A and B, only 30% of CP cases reached CAT III, and when 
this did occur, it happened later than Point B in every case, 
and most often in the 2nd stage of labor, within 20 min of 
delivery [21]. Such considerations have been discussed more 
extensively in our previous publications [4, 21–30]. Points 
A and B require sophisticated interpretation of EFM and 
consequently are not included in our proposed methodology 
that will be described later.

Deterioration of previously reassuring EFM parameters 
should be used to alert caution, to prompt intrauterine 
resuscitation (IR), and intervention when necessary, rather 
than wait until there is a CAT III tracing and irreversible 
fetal neurological injury. In the normal fetus, in the pres-
ence of contractions, reduction of oxygen availability due to 
impaired uterine, umbilical, or cerebral blood flow begins 
with decelerations well before any other alteration in the 

baseline features in response to those uterine contractions. 
When variability disappears, the fetus has already spent con-
siderable time and effort compensating for impaired oxygen 
availability/blood flow. The CAT system requires complete 
absence of variability before the pattern can be called CAT 
III. CAT ignores the general ontogeny of these changes 
which are (1) FHR decelerations with decreasing, but not 
yet absent, FHR variability, (2) mild elevation of baseline 
rate with slow return to baseline following contractions, (3) 
loss of FHR accelerations, and finally (4) fetal tachycardia 
(> 160 bpm) or bradycardia (< 110 bpm).

It is a well understood principle in medicine that one 
cannot treat a condition until it has been diagnosed. Unless 
potential changes in fetal tracings that are associated with 
conditions that could lead to neurologic injury are recog-
nized before that injury occurs, there are no options for ame-
lioration by earlier intervention to prevent that injury. Thus, 
we believe that to be effective in preventing fetal harm, a 
screening method must ask how well the fetus can tolerate 
the effects of each contraction on its oxygen supply and how 
much “reserve” it has left to withstand the subsequent con-
tractions and to deliver this message in real time.

Automated Systems for EFM Interpretation 
and Analysis

Background

For 50 years, it has generally been accepted that individual 
abnormal FHR features are predictors of fetal condition 

Fig. 2  Association of differ-
ing features of electronic fetal 
monitoring and their impact on 
predictions of outcomes
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(see below) (Fig. 2). However, one of the persistent weak-
nesses of EFM interpretation has been the failure of cli-
nicians to recognize what are and what are not signifi-
cant abnormalities of FHR patterns. EFM classification 
schemes from ACOG have attempted to standardize the 
rating of a number of FHR patterns in prognostic groups 
ranging from normal (Category I) to intermediate (Cat-
egory II) to pathological (Category III). These classifi-
cation schemes are intended to make more uniform and 
reproducible communication about suspected fetal condi-
tion. Despite having been introduced into routine practice 
over a decade ago, there have been no large-scale studies 
comparing the 3-tiered (Category system) to the previous 
2-tiered classification system to determine if this new sys-
tem is actually superior to its predecessor for improving 
fetal outcomes. A Cochrane Review shows that most RCTs 
have failed to demonstrate that visual FHR interpretation 
is superior to intermittent auscultation for reducing the 
rates of perinatal mortality or CP [59]. It should be noted, 
however, that these RCTs were performed before the 
development and adoption of the three-tiered CAT system. 
Of note, such large-scale studies were generally required 
before major changes in practices were introduced, such 
as BRCA, preeclampsia screening, chorionic villus sam-
pling, nuchal translucencies, combined prenatal serum and 
ultrasound screening, and microarrays [60]. Cell free fetal 
DNA and EFM have been the most prominent exceptions 
of technologies that gained wide acceptance and utiliza-
tion before their scientific credibility was established [17, 
59].

Automated Systems for FHR Analysis

Recognizing that visual interpretation is a weak link in 
EFM’s ability to predict fetal condition and that this situation 

has not changed since its inception, numerous efforts have 
been made to automate FHR analysis. Historically, these 
began with Dawes and Redman in Oxford, resulting in the 
Oxford Sonicaid system [60]. Their system was primarily 
intended for antenatal assessment to screen for fetal hypoxia 
or deterioration of fetal status. In this setting, it was suc-
cessful, but attempts to apply the system to the intrapartum 
environment consistently failed to discriminate acidotic from 
non-acidotic fetuses [60].

A few years after the Dawes–Redman system was intro-
duced, one member of our group (LDD) independently 
developed a rule-based antepartum analytic system (NST-
EXPERT) that was similar to the Oxford system [61]. NST-
EXPERT was used extensively in our antenatal testing unit 
but not in the labor/delivery unit. No large studies were per-
formed to demonstrate that it improved perinatal outcomes 
when compared with visual assessment of the resting FHR 
tracing [60]. However, following the development of this 
system, a lengthy collaboration with Hewlett Packard Bio-
medical was developed. By the early 1990s, this group’s 
efforts resulted in the mature TraceVue analytic system for 
FHR interpretation. TraceVue is a rule-based system for ana-
lyzing FHR patterns and is capable of generating a number 
of clinical alerts based on abnormal FHR features (Fig. 3).

We performed a side-by-side comparison of this system 
for identification of FHR pattern features and alerting [61]. 
Observer–computer agreement (> 80%) was high for most of 
the standard FHR elements and the respective monitor-gen-
erated alerts when they were triggered. An updated version 
of TraceVue is still in use in many obstetric units through-
out the USA and Europe [59]. However, there have been no 
large-scale studies demonstrating the ability of this system 
to improve neonatal outcomes.

In the mid-1990’s, the Plymouth UK CTG research group, 
led by clinician Keith Greene and engineer Rob Keith, began 

Fig. 3  TraceVue alerting 
pathways showing basic and 
advanced formats
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to develop a hybrid rule-based/neural network system for 
intrapartum CTG analysis. This system eventually matured 
as K2 technologies and has most recently been marketed as 
INFANT. INFANT is an advanced analytic/alerting system 
with four levels of assessment ranging from green to red 
(see below) [62].

A total of 47,062 women in Ireland and the UK were 
recruited over three-plus years, to the largest randomized 
controlled trial of computerized CTG analysis ever under-
taken. Providers were trained in the use of INFANT as a 
decision support system for assisting obstetric care. Con-
trol patients were managed by standard visual interpreta-
tion alone (INFANT was masked). The study group had the 
additional INFANT display with the FHR analysis visible to 
the obstetric providers. Regardless of whether the INFANT 
data were available or concealed, there were no differences 
between control and study groups for the primary outcome, 
which was a composite measure of adverse neonatal out-
comes or a secondary outcome, Parent Report of Children’s 
Abilities—Revised (PARCA-R), a developmental assess-
ment at age two [62].

Over the past two decades, Ayres-de-Campos et  al. 
independently constructed an automated FHR analytic sys-
tem, SIS-PORTO [63]. This system also created a four-tier 
approach to FHR categorization for alerting providers. A UK 
multicenter trial enrolled 7700 patients, but again it failed 
to show significant differences between study and control 
groups for adverse neonatal outcomes such as metabolic 
acidosis, HIE, or death [64].

Elliott et al. developed a proprietary automated FHR 
analysis system PeriCALM® Tracings™ sold in the USA 
by Perigen [65]. Its analytic software is based on ACOG 
Classification of FHR Categories, and it was visually vali-
dated by experts in FHR interpretation. However, it has not 
been rigorously tested for improvement of fetal condition. It 
employs an artificial intelligence (AI) program to aid in the 
recognition of potentially pathologic EFM patterns. It also 
provides visual cues to alert caregivers to abnormal trends in 
FHR pattern and labor abnormalities. No large, randomized 
trials of this system have been conducted to date to show 
improvement in neonatal outcomes.

Adjunctive assessment measures such as FBS, fetal pulse 
oximetry, and fetal ECG ST-segment analysis (STAN) repre-
sented efforts to improve the assessment of intrapartum fetal 
condition when the FHR pattern was being scrutinized. FBS 
has been abandoned in the USA [65]. Likewise, fetal pulse 
oximetry was also abandoned when it was shown in a large 
multi-center study not to reduce cesarean delivery rates or 
improve neonatal outcomes [66].

Animal studies demonstrated that in the presence of 
hypoxia, there was considerable elevation of the T-wave of 
the ECG. As the fetus transitions from aerobic to anaero-
bic metabolism, the ratio of T-wave height to QRS complex 

amplitude is elevated, leading to the concept of the T:QRS 
ratio. As capture of the fetal ECG improved, these data were 
more reliably detected, and clinical guidelines for applying 
this metric to intrapartum fetal assessment were developed 
[67]. The result of this research was Neoventa Medical’s 
STAN monitoring system that coupled a standard fetal 
monitor with fetal ECG analysis. Coupled with a four-tiered 
FHR (three-tiered FHR in the USA) classification system, 
a clinical management scheme that combines the fetal ECG 
analysis with FHR patterns was developed. The recording 
of the fetal ECG is noted below, and abnormalities in ST 
wave and T:QRS ratios were among the so-called ST events 
that formed the basis for alerts. Depending on the category 
of the FHR tracing, either continued observation or some 
form of obstetric intervention would be suggested by the 
STAN Guidelines. Such interventions could be in the form 
of intrauterine resuscitation and/or expeditious delivery [67] 
(Figs. 4, 5, and 6).

There have been several randomized controlled trials of 
the STAN system beginning with one in the UK and the 
other in Sweden [68, 69]. Several meta-analyses of these 
and three more RCT studies have subsequently been per-
formed. One of us (LDD) participated in a reanalysis of the 
RCTs and their previous meta-analyses. The analysis found 
enough differences between the conduct of these studies and 
their reports to show that most were underpowered for the 
critical primary outcomes such as neonatal metabolic acido-
sis, HIE, and mortality. In contrast, the majority of properly 
done STAN trials that adhered to the established clinical 
protocols did show a reduction in neonatal metabolic acido-
sis, use of fetal scalp blood sampling, and rates of operative 
delivery [70, 71].

The final blow to the implementation to the STAN meth-
odology in the USA was delivered by a large RCT conducted 
by the Maternal–Fetal Medicine Unit Network [72]. A total 
of 11,108 patients were randomized into two groups. The 
primary composite outcome of adverse neonatal outcome 
or secondary outcomes of route of delivery did not dif-
fer between the two groups. Important criticisms of this 
study included the observation that many of the patients 
enrolled were not as high risk as those enrolled in previous 
RCTs of the STAN methodology. However, based on this 
study’s findings and conclusions, STAN is no longer being 
employed in US labor units. A more recent study using ST 
waveform analysis performed on nearly 20,000 patients at 
a single center in the Netherlands showed marked dimin-
ishment of metabolic acidosis and neonatal encephalopathy 
[73]. While this was a retrospective longitudinal study, it did 
show that there was a significant learning curve in adopt-
ing this new technology as the outcomes in the second half 
of the study were notably better than those of its first half. 
Because there was no true control group, it was not possible 
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to attribute these improvements in neonatal outcome solely 
to the addition of ST analysis.

The conundrum here is that this study should fall under 
the phase of “development.” Yet, it was actually presented as 
an implementation one. To do a study such as this properly 
requires the full commitment of an obstetrical unit’s staff to 
the required specialized training and regular quality reviews, 
continuous feedback, continuing reinforcement, and educa-
tion. Parenthetically, one member of our group (LDD) par-
ticipated in the first US multi-center clinical trial of the STAN 
system [74]. We demonstrated successful incorporation into 
six obstetric units across the USA. There was a high degree 
of correlation between the intervention and nonintervention 

decisions made by the American clinicians and the three 
STAN experts who independently conducted retrospective 
case blinded reviews. No fetus found to have metabolic acido-
sis was missed. While this study was limited in size (530 high-
risk patients were enrolled), it did demonstrate the feasibility 
of transporting a new technology-based EFM interpretative 
system from its country of origin (Sweden) to the USA.

We contend that this technology did not successfully dif-
fuse out into the community to improve overall public health 
because the level of expertise and compulsiveness required 
to “operate” it were beyond the capabilities of the average 
practitioner. Thus, its failure was, in part, an implementation 
issue. Implementation science encompasses the spectrum 

Fig. 4  Measurement of QRS 
and T wave amplitude as the 
basis for T:QRS ratio

Fig. 5  The effect of hypoxia on T wave amplitude Fig. 6  A Category II tracing with ST event alerts

1883Reproductive Sciences  (2022) 29:1874–1894



of events that needs to occur in order to make the transition 
from the “Bench to the Bedside.” Like a hurdle race, getting 
over all of them is required to have a chance to win; any one 
failure will sink the entire enterprise. The Landsman STAN 
study demonstrated an improvement in outcomes when it 
was in superb hands. However, what was required for general 
implementation was more training than is normally done or 
could be expected in most obstetric units [73]. Implementa-
tion failures can also come from inadequate resources, appli-
cation to wrong populations, and failure to appreciate how 
cultural differences affect acceptance of new technologies.

All of the above lead to the desire/need to create “turn-
key” methods. Such systems are designed to reduce or vir-
tually eliminate the ramp-up period needed to achieve high 
level competence. Experience has shown sadly that without 
special emphasis, effort, and ongoing feedback such docu-
mented competence may not ever emerge [75, 76].

Regardless of the reasons for the failure of the above-
mentioned systems to launch, attention was then turned to 
developing methods with automated FHR interpretation to 
compensate for the inability of human providers to reliably 
predict current fetal status so that more appropriate actions 
could be taken when needed. The use of AI in aiding this 
process must be considered and evaluated with caution [76]. 
“Garbage in, Garbage out” needs to be remembered [77]. 
While the use of AI in improving FHR-triggered alerts might 
make earlier intervention more likely, it would be essential 
to determine whether in practice the accuracy of assessing 
fetal condition without reference to other clinical factors 
would lead to better perinatal outcomes and reduce the like-
lihood of fetal damage.

As is the case with teratogenicity, there also needs to be 
some recognition of the pathophysiology of the process that 
makes sense. Just because “A” and “B” segregate together 
does not mean that one has a causal relationship with the 
other [78, 79]. They can be both independent results of some 
different process. As medicine’s use of AI increases, there 
could be a tendency to blithely accept the word of the “AI 
wizard” and possibly miss the real pathophysiology [78, 79].

Automated CTG: developmental and operational issues

Program Development All automated EFM programs 
must be able to handle online raw FHR and UC data with 
minimal time lag. Among the tasks required are:

• Determination of valid FHR baseline (exclusion of peri-
odic and episodic events, management of signal loss, 
accounting for abrupt baseline “shifts”)

• Calculation of baseline variability (averaging R–R inter-
val changes over predetermined time intervals)

• Identification of events (accelerations, decelerations)

• Detection of valid uterine contractions (leading edge, 
peak, end)

• Signal loss recognition

Key elements are to perform signal acquisition and manage-
ment at the highest possible rate so that FHR pattern changes 
and/or significant events are recognized, and the time delay 
between their appearance and notation by the system is mini-
mal. Depending on the events that are occurring, such as 
decelerations, there may be delays of one or more minutes 
following these events to ascertain that their classification 
is correct. Delays of recognition of significant abnormali-
ties in FHR tracings could be disastrous both clinically and 
programmatically.

Program Validation The “gold standard” for program vali-
dation has been correlation of visual assessment by experts. 
This is for practical purposes generally fool-proof for base-
line determination, accelerations, and some periodic events 
(variable, late decelerations). Such correlations are less suc-
cessful, however, for variability, unless long-term variability 
is being considered since it is the assessment of FHR cyclic 
oscillation amplitude rather than “beat-to-beat.” In the latter, 
visual assessment is limited to crude categorization, such as 
“absent, minimal, or moderate.”

Pattern Assessment Since classification systems have been 
authored for FHR patterns, it would be possible to assemble 
the various FHR components into one or more of those that 
have been accepted. However, this is a complex task since 
such considerations as initiation, duration, and transition 
of a pattern’s category have degrees of arbitrariness. Deci-
sions on these points that are incorporated into either rules 
or algorithms for automated EFM run the risk of arriving 
at inaccurate or inconsistent results. For this reason, most 
automated systems focus on individual features rather than 
overall patterns. AI could potentially be useful to combine 
vast amounts of data.

Alerts This is the most challenging aspect of automated 
EFM analysis. When looking at the number of FHR feature 
alterations that are possible (e.g., accelerations absent or 
present, FHR variability thresholds, decelerations classifi-
cation), it is possible to create alerts that will cover many 
possibilities. During the course of a normal labor, most 
intrapartum EFM tracings will intermittently exhibit any 
number of these alterations. Therefore, a balance must be 
struck between a situation of either calling too many alerts 
or a situation where too few alerts are triggered. In the for-
mer case, staff will be distracted, may cease paying atten-
tion altogether, and thus run the risk of missing a critical 
event. In the latter case, critical events may not be high-
lighted on a timely basis (this concept is exactly analogous 
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to the discussion of the trade-off of sensitivity/specificity vs 
predictive values earlier in this paper) [4]. Striking this bal-
ance requires an evidence-based hierarchy of FHR features, 
ranging from least likely to be associated with fetal compro-
mise to most likely to be associated with fetal compromise 
which has been understood for 50 years (Fig. 5). Therefore, 
any such alerting system must be able to demonstrate the 
evidence for its decision to assign specific FHR features to 
corresponding alert tiers.

Decision Prompts From their inception, basic notifications 
have been included in most automated systems. Examples 
would be signal loss (prompt: readjust equipment) or paper 
out (prompt: replace paper). More advanced prompts require 
justification, such as tachycardia (prompt: check for mater-
nal fever, increase IV hydration), or even more advanced 
(recurrent late decelerations; prompt: increase IV hydration, 
administer maternal oxygen, discontinue oxytocin, place 
mother in lateral position). While advanced prompts may be 
linked to established protocols, no current automated EFM 
system typically offers them to clinicians. Rather, clinicians 
must assemble the EFM data and make their own manage-
ment decisions in part “dumbing down” the advantages of 
the computerized system.

Medicolegal Issues A concern that must be addressed is the 
medicolegal status of automated EFM analysis. Any time a 
human function is assigned to a computerized system, it is 
with the assumption that there has been robust testing of this 
transition with comparisons of system output versus human 
counterparts. PeriCalm and OmniView appear to have done 
this, but it remains to be seen how well such systems would 
hold up under daily use in other obstetric units.

Summary of Automated Systems

A number of automated systems for EFM analysis have been 
developed and studied for clinical implementation on labor 
units around the world. There are strengths and weaknesses 
of such systems. However, none of the systems nor the most 
expert of clinical interpretations have been able to identify 
fetal risk reliably and early enough to solve the basic prob-
lem of preventing in utero neurologic injury. Thus, we saw a 
clear need to rethink the problem from scratch. Our approach 
has been to formally include other risk factors to create a 
contextualized approach hoping to achieve improved sta-
tistical and clinical performance. Such initiatives have the 
best opportunity to enable future systems to achieve the next 
level of risk analysis and to offer a higher degree of protec-
tion for the fetus.

Developing a New Approach

Even with all of the innovative approaches that have been 
just described, not enough has actually improved in the per-
formance of EFM since its introduction into widespread 
practice in the 1970s. The most likely conclusion of that is 
that the inherent variance within an EFM tracing by itself 
does not adequately assess or predict the overall fetal condi-
tion. Analogous to outcomes from using other multimodal 
screening methods such as those employed for Down syn-
drome, we hypothesized that a contextualized approach 
might demonstrate better statistical performance metrics 
for intrapartum fetal assessment. We also recognized that 
by the time EFM patterns become strongly associated with 
intrapartum fetal asphyxia, that event has likely already 
occurred. The salient concept is the goal of prevention of 
injury by application of FHR pattern associations should 
enable earlier recognition of risk and enable the initiation of 
“intrauterine rescue” of the fetus—either by improving the 
intrauterine environment or by prompt delivery.

Thus, we developed a new approach for the interpreta-
tion of EFM [4, 21–30]. Our risk scoring system formally 
includes both known antepartum and intrapartum risk 
factors that can contribute to adverse neonatal neurologi-
cal outcomes. We defined a new term, the “Fetal Reserve 
Index” (FRI). In its initial version, it is an evenly weighted 
calculation of 4 components of the EFM (heart rate, vari-
ability, accelerations, and deceleration) plus the presence 
of increased uterine activity (IUA), and various maternal, 
obstetrical, and fetal risk (MOFR) factors (Table 3) [4, 
21–30]. The FRI categorizes the various risk factors on the 
basis of their anticipated effect on maternal well-being, pla-
cental and cerebral perfusion, and the probability of safe 
vaginal delivery. We have used standard ACOG definitions 
for everything, except that we define IUA as > 4 contractions 
per 10 min rather than > 5. We have explained these issues 
in detail elsewhere [3, 19–28].

The FRI was initially calculated per each 20-min segment 
of monitoring. With widespread computerization, it will be 
continuous or divided into shorter segments. In the calcula-
tion, each of 8 categories is assigned a score of “1” if the cat-
egory is deemed normal and “0” if it is considered abnormal 
(Table 3, Fig. 7). The MOFR variables are generally static, 
that is, once point reductions in each category occur, then 
they remain until the fetus is delivered. The EFM and IUA 
variables, however, are dynamic and therefore may change 
as the characteristics of the FHR tracing change often in 
response to (1) the clinical onset of labor complications and 
progression to the second stage of labor and (2) the onset 
of pushing and descent of the fetal head in the lower pelvis. 
The FRI is calculated for the number of points divided by 8 
and multiplied by 100 to give a percentage. All 8 categories 
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being normal would produce an FRI of 100 (8/8). Loss of 
points would result in FRI values of 87.5 (7/8), 75.0 (6/8), 
62.5 (5/8), 50.0 (4/8), 37.5 (3/8), 25.0 (2/8), 12.5 (1/8), and 
0 (0/8). For clinical simplification, the scores were then 
divided into 3 zones: green > 50%, yellow 50 to 26%, and 
red ≤ 25%. An abnormal FRI is defined as ≤ 25 (correspond-
ing to the “red zone”) (Fig. 7).

Entering the red zone occurs in about 25% of patients; it 
is not a call for immediate delivery. Rather, it is a cause for 
expeditious assessment by senior staff, who can evaluate 
the situation. Intrauterine resuscitation (IR) efforts should 
usually be the first course of action, such as stopping intra-
venous (IV) oxytocin infusion, repositioning the patient, 
increasing IV fluids, and maternal administration of oxygen 

by mask. Entering the red zone also starts a “shot clock” 
(as is used in basketball). Our management protocol is to 
allow up to 40 min to get out of the red zone. Failure to do 
so would then start a 30-min-to-delivery protocol, as per 
the ACOG guidelines. Obviously, some cases could require 
immediate delivery (e.g., prolonged unremitting bradycardia 
or prolapsed cord) [4, 21–30].

Our first publication directly compared postnatal ACOG 
monograph criteria, CAT III criteria, and FRI in a dataset 
of 60 singleton term babies who entered labor with CAT I 
tracings and who developed CP [21]. Even in retrospect, 
none of these babies had any other apparent causes of their 
neurological compromise beyond labor issues. These infants 
were compared with 200 controls with normal outcomes.

Apgar scores of the CP cases were much lower. So were 
their cord blood pH measurements which averaged 7.03. 
Only 27% of the CP cases had a pH < 7.00. These results 
were in contradistinction to the rigidity of the ACOG mono-
graph criteria which used a cut point of < 7.00 to consider 
labor-related issues to be potentially causative of CP [29]. 
The FRI showed significantly lower scores for CP babies 
than controls. Twenty-two percent of controls reached the 
red zone, and they were there for an average of 1 h. In con-
trast, CP babies “turned red” often early in labor, and they 
stayed in the red zone for an average of over 5 h (Fig. 6). All 
CP cases were “red” for at least 2 h unless a sudden “sentinel 
event” occurred (e.g., prolapsed cord, sudden bradycardia) 
in which case, the “shot clock” protocol would have ensured 
patients were delivered well before the 2-h threshold for CP 
damage, as we have seen in our previous studies.

Head-to-head analysis of the same cases showed that the 
sensitivity obtained using the ACOG Monograph criteria, 

Table 3  Fetal Reserve Index components

Components of the Fetal Reserve Index

FHR
Baseline variability
Accelerations
Decelerations
Increased uterine activity
Maternal risk factors
Obstetrical risk factors
Fetal risk factors
Each factor scored as 1 if normal and 0 if not
Maximum of 8/8 = 100%
Green zone: > 50%
Yellow zone: 50 to 26%
Red zone: ≤ 25%

Fig. 7  Eight components of 
FRI. Each is weighted equally. 
Scores are then divided into 
color zones. Upper right shows 
4 representative control cases. 
Bottom right has 4 representa-
tive cases that entered labor as 
Category I and went home with 
a baby with cerebral palsy. Each 
case progresses from 12 o’clock 
down to 6. CP cases go RED 
early and tend to stay there for 
hours
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assuming we could know prenatally what could only be 
determined postnatally, was 28%. CAT III had a sensitivity 
of 45%, while the FRI had a sensitivity of 100%. While the 
FRI sensitivity will, of course, never stay at 100%, it was 
significantly better than that produced by current assess-
ment methods [31, 32]. We now have 11 published studies 
with over 2000 control patients and continue to show that 
the FRI has far better performance metrics than the CAT 
system [3, 19–28]. Overall, a meta-analysis approach of our 
publications and combined database shows the FRI strongly 
outperformed CAT III (nearly 100% vs 45%) [4, 21–30].

We then expanded our focus beyond the basic outcome 
measures. While the prediction and prevention of fetal neu-
rological injury are of utmost importance, the incidence of 
emergent operative deliveries (EODs) per se is much higher 
and takes its own toll on patients, families, and the entire 
labor and delivery staff [24]. Such interventions also have 
higher complication rates even when everything turns out 
well. Our data show the FRI can anticipate the development 
of need for EODs if management is not altered. Those need-
ing EOD spent an average of 1 h in the red zone. Among the 
cases that did not need EOD, most never reached the red 
zone or were there for a much shorter period of time.

We then performed a prospective study. In 400 cases, 
usual clinical management was conducted. Then, we used 
the principles of the FRI (by expert non-computerized) man-
agement; the rate of emergency deliveries was reduced from 
17 to 4% (65%), emergency cesarean deliveries decreased 
from 8.5 to 3.3% (62%) as the utilization of IR more than 
doubled (20% to 47%) [24]. These findings suggest that one 

of the principal benefits of the FRI is earlier identification of 
problems that have a higher likelihood of being ameliorated 
by earlier attention.

In our next set of studies, we used a 45-year-old research 
database of cases managed with extensive use of FBS and 
continued heart rate monitoring and umbilical catheteri-
zation with arterial blood samples over the first neonatal 
hour [27–30]. We introduced further contextualizing the 
FRI score and scalp sample BE and pH by multiples of the 
median (MoM) for the cervical dilatation in the 1st stage of 
labor when the blood was obtained (same as maternal serum 
alpha fetoprotein by gestational age weeks). There were very 
different implications for same BE when viewed in the con-
text of cervical dilatation. For example, a BE of – 9 mMol/L 
at 9 cm is essentially at the median for that dilatation, but 
the same result at 4 cm would be 2 MoM and demonstrate a 
much higher risk profile [29] (Fig. 8). The earlier detection 
of deteriorating acid–base balance may permit earlier and 
less drastic “course correction.” Using IR in the first stage 
of labor dramatically reduces the chances of requiring EOD.

The second aspect of these case studies investigated the 
decades’ long issue concerning the use and risks of forceps 
deliveries. In the 1970s, Friedman et al. and others pub-
lished several papers showing that the IQ of babies delivered 
by midforceps was lower for that of babies from spontane-
ous vaginal deliveries [80, 81]. In the 80 s, we challenged 
their conclusions [82]. After nearly 40 years later, our data 
showed that the pH and BE in cord blood were, in fact, lower 
for both low and midforceps babies. However, the FBS data 
showed that the differences were already there 1 h before 

Fig. 8  Deterioration of fetal 
acid–base balance begins early 
in the 1st stage of labor, con-
tinues through delivery and the 
first several minutes postpartum, 
and only after several minutes 
begins to recover
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delivery such that, if anything, the compromise caused the 
forceps—not the other way around [28] (Fig. 9).

Finally, analysis of the neonatal data showed that we 
really need to rethink the whole process of labor, delivery, 
and immediate neonatal care [27]. Following delivery, about 
85% of fetuses have a significant tachycardia which resolves 
over the first hour. Dividing patients by the last FRI score 
before delivery into 3 groups, the worst FRI group (about 5% 
of patients) had a tachycardia (average of 185 beats per min-
ute) with loss of variability. The neonatal heart rates remain 
abnormal for an average of 50 min. If we assumed that the 
first 10 min of the neonatal tracing were the last 10 min of 
the fetal tracing, 25% of cases would be considered Category 
III (Fig. 10). At the same time, the BE routinely worsens 
before it gets better, and 33% of cases of dip below – 12 
mMol/L which is considered the threshold of risk for neuro-
logical compromise (Fig. 11). Our data suggest the need to 
reconceptualize the process of delivery to include continued 
monitoring of the neonate for at least a half hour to allow 
earlier intervention such as brain cooling for at-risk babies 
[27]. Ezquerro et al. have studied the association of fetal 
reperfusion time and correlation to neonatal acidemia and 
that it works better than existing approaches. They further 
concluded as we have, that adding more parameters are still 
required for reliable interpretation of fetal well-being [83].

Implications and Expectations

Our studies suggest the FRI provides a more reliable 
approach for assessing risks of fetal compromise and the 
need for emergency intervention than those currently pro-
vided by existing methods of EFM interpretation. The CAT 
system, particularly when CAT II tracings occur, is much 
too complex for front line management. There are too many 
variables to be informally considered, and there is no clear, 
straightforward method of management. Anecdotally, some 
experienced fetal medicine specialists have responded to the 
performance of the FRI by stating that they do not need such 
an approach because they have always factored in “other 
factors” in their EFM interpretations. Unfortunately, most 
physicians and midwives cannot reliably render such expert 
subjective judgements needed to overcome the limitations 
of the CAT system. A good analogy here is the diagnosis 
of myocardial infarction. For decades, the diagnosis was a 
construct that incorporated clinical signs and symptoms, 
interpretation of the ECG, and nonspecific blood tests. It 
was the discovery of the CPK isoenzymes in the 1970s (and 
later troponin) that turned the diagnosis into a lab test that 
had considerably improved metrics [84].

In developing the FRI, attention has been paid to each of 
these issues, the most important of which, we believe, is the 
notion of the role of EFM in avoiding fetal or maternal harm, 
which includes the need to avoid performing an emergency 

Fig. 9  Patients delivered by 
midforceps have lower pH and 
base excess compared with 
normal spontaneous vaginal 
deliveries. However, the dif-
ferences were already there at 
least 1 h before delivery. The 
data suggest fetal compromise 
caused the forceps, not the other 
way around
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delivery during labor [27]. We have attempted to change the 
objective of surveillance from trying to decide the severity 
of asphyxia and need to “rescue” the fetus to “keeping the 
fetus out of harm’s way in the first place.” We do this by 
switching our focus on diagnosis of the severity of acidemia 
to recognizing the in utero status in which the fetus cannot 
be guaranteed to be normal but is not yet likely damaged. As 
such, contextualized EFM parameters can be used as screen-
ing criteria before fetal neurological injury actually occurs.

There is a typical pattern of FHR changes and FRI 
scores as the clinical situation in labor worsens. The 
parameters (heart rate, variability, accelerations, and 
decelerations) do not change independently of one 
another, and the order of EFM deterioration and occur-
rence of labor events (e.g., meconium, 2nd stage, need 
for IR) is not random. Anticipating pathophysiological 
deterioration of the fetus, the red zone is often reached 
when at least two of the EFM screening test variables are 

Fig. 10  After birth, neonatal 
heart rate does not immediately 
go down. Rather, it rises for sev-
eral minutes first. By dividing 
patients by their last FRI score 
before delivery, the worst group 
has tachycardia up to 185 bpm. 
If the first 10 min of the 
neonatal tracing were the last 
10 min of the fetal tracing, 25% 
of cases would be considered 
Category III

Fig. 11  Base excess recovery 
time over 1st hour postpartum. 
Again, dividing by last FRI 
score, the worst group has over 
10 min of acidemia in the “at 
risk range” of greater than or 
equal to – 12 mMol/L for neuro-
logic impairment
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still normal. This earlier “warning alarm” (i.e., the identi-
fication of problems earlier in the pathophysiology) is the 
critical difference between the FRI and the CAT system. 
The former generally allows more time than the latter for 
IR to attempt to halt the progression of such deterioration.

We treat the EFM tracing as a language, albeit still an 
imperfect one to be sure. We use this “language” to query 
the fetus, not asking, “What is your pH? but, rather asking 
“How did you tolerate that contraction?” This approach 
begins at the onset of monitoring. We use the observed 
pattern to define whether the FRI can distinguish between 
cases deemed normal on admission from those deemed to 
be abnormal on admission. Our approaches in our pub-
lished studies have focused on how behaviorally normal 
neurologically intact fetuses respond to the stresses and 
events of labor. If on admission to the labor unit, the fetus 
is determined to be already compromised, then a different 
set of management approaches apply (not discussed here).

Our studies to date have progressed considerably 
through the phase of development towards establishing 
proof of principle. Automation is underway to make our 
approach practical for frontline use and will be followed 
by large-scale studies using data in an electronic medi-
cal records format. The final stage of development will 
require live implementation.

We consider EFM as only a screening test, not a diag-
nostic test. It is time to recognize that just as highly expe-
rienced commercial airline pilots routinely use computer 
directed/assisted landing programs, even experienced 
obstetricians can benefit from computer-assisted manage-
ment of the complexities of labor and heart rate patterns 
that has only been demonstrated for the STAN system 
[73, 74].

Generalizable concepts from our approach suggest the 
need to see the “big picture” first and then cone down 
to specific circumstances. Nearly two decades ago, we 
suggested that the protocols of tertiary referrals have 
been generally backwards (i.e., a less-trained provider 
is deciding if a patient should be triaged upwards) [85, 
86]. We continue to believe and have shown that higher-
level evaluation and appropriate triage downward pro-
duces better, and likely, cheaper care. This is consistent 
with the “inverted pyramid” that Nicolaides et al. later 
suggested for prenatal care [87]. The realities of medical 
care in the current environment require better and cheaper 
approaches. We must continue to develop technologies to 
help providers make more accurate assessments of risks 
to empower earlier interventions.

Moving Forward

In many fields, AI is held out as the savior just around the 
corner [88]. It is still very early to assess the role of AI 
for the prediction of intermediate and end point outcomes 
in Obstetrics. For the FRI, our “back of the napkin” ver-
sion already appears to offer better prediction of intra-
partum fetal status than does the Category system. There 
certainly are opportunities to improve several aspects of 
FRI even further. It is parallel to the often-used distinction 
in the modeling literature between measurement models 
(how you measure things) and substantive models (how 
you explain things) [88] and to the idea of three kinds of 
continual re-specification: what things are (and are not), 
how they are related (and not related), and what should 
be included in a model (or left out). It is clear that other 
things beyond standard EFM interpretation are needed if 
EFM is to be improved. Thinking outside the EFM box 
implies expanding the models currently used to include 
both antenatal and intrapartum information regarding lev-
els of risk that might have contextual implications for the 
analysis of EFM patterns. AI can contribute both in terms 
of improving our understanding of how to measure both 
EFM patterns and other pertinent variables. Ultimately, AI 
might improve the capacity to alert physicians to problem-
atic situations that are being commonly missed and that 
can have potentially deleterious consequences.

Contextualized Systems

There seem to be at least four dimensions that are impor-
tant for understanding the nature of the directions in which 
automated systems are changing and what will be needed 
for them to become more widely adopted [87]. Examples 
of this process include (1) the level of sophistication of AI 
when incorporated in the system designs, (2) the degree 
of contextualization of clinical factors that may influence 
pregnancy outcomes, and (3) the ability to predict the 
impact of these factors early enough to potentially alter the 
course of labor management; and finally, (4) the clinical 
usability and interpretability of the information generated 
by these systems.

All of the systems that have been evaluated to date and 
have varying deficiencies. Oxford Sonicaid is not intended 
as an intrapartum system. OB TraceVue is well established 
for issuing alerts, but it does not provide specific guidance 
for interventions. STAN has been in use for two decades 
as a decision support system, using an intervention matrix 
based on FHR patterns and ECG changes, that has also 
been extensively studied. While it has shown some benefits 
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in reducing metabolic acidosis, there is a long learning 
curve, and it is difficult for some users to adopt into their 
clinical practices. SIS-PORTO is a proprietary FHR inter-
pretative system that has recently been used in conjunction 
with STAN, but it has shown only questionable benefits 
to date. INFANT is a hybrid system for FHR analysis 
and risk assessment with AI programming, but it has not 
been shown to be beneficial. It also has a lengthy learning 
curve. The FRI has documented the utility of contextual-
izing FHR information, and through a number of small 
studies has been shown to improve screening metrics for 
a variety of outcomes and offers the prospect of becoming 
alerted to possible interventions earlier in labor. Its use of 
AI is still in the early training stage. Finally, PeriCALM 
Plus with iCue™ is a hybrid system that employs AI for 
FHR and uterine activity analysis. It is capable of display-
ing trends in FHR tracings and labor progress, but no large 
trials have been conducted to show benefit.

To facilitate discussion of three of the dimensions of 
automated FHR analytic systems, so as to represent these 
scores in three-dimensional space (Fig. 12), leaving aside 
the issue of interpretability and the conflated aspects of the 
length of the learning curve. These scores are an approxi-
mate first stab, but they allow us to see rather clearly the 
fundamental problem with most approaches: the clinically 
used systems have focused almost exclusively just on FHR 
factors. There has only been token, if any, consideration 
for the context within which the extent of abnormality and 
trends in abnormality of such characteristics over time take 
place. As such, they all cluster in the same part of a three-
dimensional space.

In demonstrating this clustering, crude though it might 
be, we can suggest what needs to happen if work in this 
area is to move forward. The most fundamental problem 
seems to be the lack of consideration of additional and read-
ily available clinical factors beyond those of the various FHR 
features and patterns. It seems apparent that the significance 
of worsening clusters of FHR features might vary according 
to the prior risk established for the mother and fetus. So, one 
dimension of change in the application of EFM needs to be 
the systematic, theory-driven incorporation of more infor-
mation in these systems, with AI potentially playing a major 
role. Secondly, over time, with the incorporation of AI, more 
refined measures of FHR characteristics, and their implica-
tions in different risk contexts, will be identified, possibly 
increasing the ability to make more timely clinical interven-
tions. Thirdly, much more attention needs to be given to 
the usefulness of alerts, including how early they are given, 
how salient they are, and how clear are the options for inter-
vention. Lastly, beyond the equipment, attention needs to 
be given to the development of viable and useful clinical 
management systems.

Going forward, it is clear that there must be additional 
information incorporated into any automated system that uses 
EFM interpretation as a part of overall intrapartum manage-
ment. Establishing risk of fetal compromise at the beginning 
of labor will require input of preexisting maternal and fetal 
factors, examination of findings such as cervical examination 
and fetal station, and medications currently being administered 
(e.g., anesthetic agents, oxytocin). The degree of detail must 
be malleable so that there should be little or no controversy 
about what is being recorded. Such steps as how often risk 

Fig. 12  Our modeling of 3 
dimensions of multiple systems 
employed for interpretation of 
EFM. Each of the 7 systems we 
reviewed was categorized for (a) 
Measurement sophistication, (b) 
Conceptual elaboration, and (c) 
Intrapartum support value. We 
scored each as being low level 
(0) up to (5) as the most
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status is reassessed will depend on the starting points and what 
changes subsequently appear. A decision tree, if that is the 
form of support to be taken, will need to be evidence-based. 
To achieve this end and since we want to query the system 
before adverse outcomes happen, AI will likely be invoked 
since what is really being asked for is a likelihood of fetal 
compromise rather than an absolute diagnosis of fetal compro-
mise. In fact, established AI systems like those used to predict 
weather trends or storm behavior generate probabilities rather 
than absolute outcomes [89, 90].

Conclusions

EFM has evolved over the past 50 years, but it has not pro-
duced the massive reduction in neurologic injury and CP that 
had been anticipated at its inception. There are multiple rea-
sons for EFM’s failures as we have detailed here. Perhaps the 
most fundamental ones are a lack of clarity of what EFM could 
do, imprecision in its measurements coupled with considerable 
variability in its interpretation, and widely varying applications 
to intrapartum management. We have attempted to put these 
issues into perspective and to show how a different approach 
might improve intrapartum fetal assessment even while using 
the same basic measurements that are already being collected. 
The application of contextualized management approaches to 
EFM has the potential to improve intrapartum care both for 
infants and mothers. Only then could we realize the dream of 
better outcomes that was put forward at the inception of this 
technology.
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