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and fetal risk factors creating the FRI performed much better 
as a screening test than EFM alone. Our quantified screening 
system needs further evaluation in prospective trials.
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Introduction

Electronic fetal monitoring (EFM) appeared as a clin-
ical device for routine patient care beginning in 1969 and 
has become the primary means of intrapartum fetal sur-
veillance throughout the world [1, 2]. Despite obvious 
beneficial impacts on intrapartum stillbirth, neonatal 
death rates, and reduction in neonatal seizures [3], EFM 
has failed to produce the expected reduction in long-term 
handicap rates including cerebral palsy (CP) [4]. With 
high rates of both intra- and interobserver error, it has 
been further criticized as an imprecise, subjective, and 
poorly predictive measure of fetal well-being with a high 
false positive rate and thus a poor screening test [5]. The 
poor screening performance metrics lead to unnecessary 
interventions [6] that also lack the discriminatory power 
to identify the truly hypoxic or injured fetus [7, 8].

There have been numerous attempts to standardize in-
terpretation and management with new classifications 
continuing to appear that rely solely on the assessment of 
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Abstract
Objective: Electronic fetal monitoring (EFM) correlates poor-
ly with neonatal outcome. We present a new metric: the “Fe-
tal Reserve Index” (FRI), formally incorporating EFM with ma-
ternal, obstetrical, fetal risk factors, and excessive uterine ac-
tivity for assessment of risk for cerebral palsy (CP). Methods: 
We performed a retrospective, case-control series of 50 term 
CP cases with apparent intrapartum neurological injury and 
200 controls. All were deemed neurologically normal on ad-
mission. We compared the FRI against ACOG Category (I–III) 
system and long-term outcome parameters against ACOG 
monograph (NEACP) requirements for labor-induced fetal 
neurological injury. Results: Abnormal FRI’s identified 100% 
of CP cases and did so hours before injury. ACOG Category 
III identified only 44% and much later. Retrospective ACOG 
monograph criteria were found in at most 30% of intrapar-
tum-acquired CP patients; only 27% had umbilical or neona-
tal pH <7.0. Conclusions: In this initial, retrospective trial, an 
abnormal FRI identified all cases of labor-related neurologi-
cal injury more reliably and earlier than Category III, which 
may allow fetal therapy by intrauterine resuscitation. The 
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EFM parameters in predicting fetal acidemia [9–14]. Reli-
ability has proven elusive, with deficiencies in identifying 
material endpoints and no apparent improvement in 
neurological outcome or reduction in allegations of ob-
stetrical negligence [15–18]. Concomitantly, there are 
worldwide, controversial efforts to reduce the cesarean 
section rate in part by increasing the tolerance for increas-
ing lengths of labor and for abnormal FHR patterns [19–
21].

The premise of EFM is the recognition of fetal asphyx-
ia related to metabolic acidemia. The response to FHR 
patterns is predicated on the identification and “rescue” 
of the hypoxic fetus hopefully before it has suffered dam-
age. ACOG guidelines describe Categories I–III and are 
based exclusively on presumed degree of metabolic acide-
mia with intervention reserved for Category III [22]. Oth-
er publications, including the ACOG NEACP Mono-
graph [23], demand fastidious criteria to attribute subse-
quent injury to intrapartum events, while others question 
appropriateness of Cesarean section for fetal indication 
without corroborating asphyxia [24]. We believe that a 
key problem in much of the literature is the mixing of CP 
cases that came into labor with evidence of damage al-
ready having occurred (e.g., biophysical profile score of 2, 
ultrasound determinable abnormalities, or clearly abnor-
mal tracings on admission) as opposed to those cases in 
which there is no evidence at the time of admission of any 
concern [25]. In this study, we include only CP patients 
delivered at term, who, at the time of admission, showed 
no evidence of abnormality and for whom subsequent 
evaluation provided unequivocal evidence of injury dur-
ing labor.

Here, we combined the traditional EFM parameters 
(fetal heart rate baseline rate, variability, accelerations, 
and decelerations) with clinical risk factors and excessive 
uterine activity (EXUA) to create an improved, quantifi-
able, on-going “screening” test for normal fetuses from 
the outset of labor to allow earlier accurate identification 
of developing risk. Earlier recognition of high risk would 
allow fetal therapeutic measures (intrauterine resuscita-
tion [IR] or expedited delivery) to be instituted with the 
goal of improving the outcome of fetuses at risk for intra-
partum neurological injury. Despite previous attempts to 
develop a risk stratification model to predict or enhance 
adverse neonatal outcome (low pH, low Apgar score, and 
NICU admission in labor) [15, 26], to our knowledge this 
combined scheme has not been attempted previously in 
demonstrably normal fetuses for whom neurological 
handicap was reasonably demonstrated to have been ac-
quired during labor.

Methods and Materials

This risk scoring system formally includes both antepartum 
and intrapartum risk factors that contribute to adverse neurologi-
cal outcome in the newborn. Our conceptual notion is that inter-
pretation of FHR should be optimized, not for the recognition of 
asphyxia or “rescue,” but for the prevention of injury. We define a 
new term, the “Fetal Reserve Index” (FRI), which is a weighted 
calculation of various maternal, fetal, and obstetrical risk factors 
(MOFR) along with FHR interpretation and EXUA. This study 
compares the FRI against the current ACOG classifications 
(ACOG Category III and ACOG monograph NEACP criteria) in 
a case-control model.

The study cases derive from 50 medico-legal consultations of 
one of the authors (B.S.S.) in babies subsequently shown to have 
neurological handicap. They come from diverse geographical and 
institutional settings in the United States ranging from small com-
munity hospitals to large metropolitan, university-affiliated, and 
resident intensive obstetrical programs. The deliveries occurred 
between 2000 and 2013. All study patients were deemed to be at 
term (>36 weeks) with singleton pregnancies in vertex presenta-
tion who, irrespective of any maternal complications, presented 
for a trial of labor with normal FHR patterns and no evidence of 
prior neurological injury or anomaly. The fetal admission test de-
veloped by Phelan in the 1990s demonstrated that a fetus with a 
normal baseline rate, normal variability, absent late decelerations, 
and a reactive NST essentially rules out any significant neurologi-
cal injury associated with hypoxia/asphyxia [27]. The literature is 
replete with numerous publications dating back to the 1970s con-
cluding that a reactive fetus is neurologically intact with respect to 
hypoxia/asphyxia injury [28–30].

Elective cesarean sections, anomalous fetuses, and those with 
known abnormalities (even if only in retrospect) were excluded 
from both study and control groups. In all study cases, the diagno-
sis of long-term injury (CP) was confirmed by neurological and 
neuroradiological examinations in the perinatal period with a 
minimum of 2-year follow-up. Despite the date of case accumula-
tion, retrospective evaluations were performed for the study from 
original data in the past year using current, accepted methods of 
interpretation of factors such as monitor interpretation and cate-
gorization of risk factors.

Given the nature of the retrospective study group, there is no 
perfect control group readily available. Our control group con-
sisted of consecutive cases from the obstetrical service of one of the 
authors (R.D.E.) undergoing a trial of labor (≥34 weeks) for whom 
FHR tracings on admission were also deemed normal and reactive. 
Because the CP cases came from multiple locations, there was no 
way to match the controls to them individually other than the pres-
ence of normal fetal tracing on admission in a patient undergoing 
a trial of labor at term. Because they are poor predictors of fetal 
neurological injuries during labor, there were no exclusions in ei-
ther group for antenatal risk factors (hypertension, diabetes, etc.), 
parity, route, timing, or urgency of delivery. Demographic, EFM 
and clinical maternal, obstetrical, fetal, and neonatal variables were 
de-identified for the analysis and as such qualified for exemption 
as evaluated by the Biomedical Research Association of NY IRB. 
(#16-12-180-429). There was no outside funding and no conflicts 
of interest related to such. One of us (M.I.E.) has obtained a US 
Patent for the scoring system (US Patent 9,131,860 with others 
pending).
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Patient data were categorized as demographic and clinical dur-
ing the antepartum and intrapartum periods. As per inclusion cri-
teria, all fetuses had normal head size at the time of birth. Variables 
analyzed included standard demographics, medical, obstetrical, 
and fetal risk factors. The vast majority of these risk factors have 
been well studied and known to be associated with adverse perina-
tal outcome for over 4 decades. We adopted these well-vetted risk 
factors from standard texts and literature. In fact, they serve as the 
basis of the Hollister and ACOG prenatal forms that in part were 
devised by a landmark contribution by Hobel et al. [31] in the 
1970s who emphasized the importance of risk stratification for 
both antepartum and intrapartum periods [32]. Medical variables 
included gestational disorders (hypertension, diabetes, maternal 
age, BMI >40, and nulliparity) and chronic medical disorders, e.g. 
collagen, respiratory or cardiac. These are clearly associated with 
an unmeasured risk of adverse outcomes but are not included in 
EFM interpretation. Obstetrical variables included parity, gesta-
tional age, need for induction of labor, use of oxytocin and/or pros-
taglandin, duration of labor (by stage), and type and urgency of 
delivery. Fetal factors included abnormal Dopplers/biophysical 
profile, evidence of growth or genetic disorders, meconium, etc. 
(Table 1).

Neonatal Assessment and Follow-Up
Neonatal variables included standard outcome data such as 

birth weight, Apgar scores at 1, 5, and 10 min (when appropriate), 
head circumference, umbilical and neonatal pH and blood gases, 
neonatal adaptation, seizures, and length of stay. For cases, follow-
up examinations beyond the neonatal period included type of CP, 
the presence of microcephaly, hemiplegia, mental retardation, and 
developmental delay and seizures. Cardiac, respiratory and neuro-
logical events (seizures/coma) were recorded whether or not the 
newborn received cooling for neuroprotection. Acidosis was de-
fined as per ACOG criteria as a pH <7.0/BD ≥12 mEq/L in either 
umbilical or neonatal blood. Neonatal imaging study results were 
evaluated by technique (ultrasound, MRI, CAT scan) as well as the 
type and location of the lesions (cortical – white or gray matter, 
basal ganglia, stroke, other) and their symmetry. The diagnosis of 
hypoxic-ischemic encephalopathy (HIE) was derived from the 
neonatal record and related to clinical and neuroradiological find-
ings including recent HIE (prolonged, partial, or acute), hemor-
rhage, and “stroke.”

In this report, however, we have subdivided the cases according 
to the severity of both the acidosis, umbilical, and neonatal impair-
ment [33]. Long-term outcomes were assessed in terms of devel-
opmental delay, microcephaly, mental retardation, seizures, and 
problems of movement. Follow-up on study cases ranged from 2 
to 16 years. We attempted to classify the type of CP (e.g., spastic 
quadriplegia, dyskinetic CP, and hemiplegia, but classification was 
not productive in that these diagnoses were not consistently used 
in the various follow-up examinations.

In this series, no follow-up examinations were deemed neces-
sary or performed in the control group. Such is essentially standard 
throughout the literature. As with virtually all studies, normal out-
comes in the control group were assumed if the control newborn 
was discharged in a timely way, with no evidence of residual dis-
ease and specifically no evidence of neonatal encephalopathy. Our 
exclusion concept of other causes of CP is exactly as stated in the 
original ACOG NEACP monograph as one of us (M.I.E.) articu-
lated it for both works [23].

Assessment of FHR and Uterine Contraction Patterns 
The evolution of FHR and uterine contraction changes during 

labor were monitored from the outset of monitoring. The analysis 
of the FHR features was made according to standard American 
definitions for baseline heart rate, variability, decelerations, and 
accelerations as has been used for many years and in hundreds of 
publications (Table 2a). We have considered these as individual 
components, but the definitions of normality/abnormality are 
standard. Final baseline heart rate and variability immediately pri-
or to delivery (e.g., bradycardia, tachycardia) were tabulated.

Table 1. Risk factors

Maternal risk factors
1 Decreased cardiac output/vascular perfusion of the placenta

a Cardiac disease with risk of decreased cardiac output in 
pregnancy

b Hypertension (chronic and pregnancy induced)
c SLE, etc.

2 Oxygen carrying capacity
a Pulmonary disorders (e.g., asthma)
b Anemia and hemoglobinopathy

3 Infection (chronic and acute]
4 Chronic debilitating disease 
5 Malabsorption/poor weight gain
6 Endocrine – diabetes and thyroid disorders
7 Advanced maternal age
8 Drug abuse, addiction, and smoking
9 Obesity – BMI >35

10 Short stature (≤5′2′′)

Obstetrical risk factors
1 IUGR/macrosomia
2 Oligohydramnios
3 Polyhydramnios
4 Bleeding and abruption
5 Previous cesarean section
6 Placental and umbilical cord anomalies
7 Rupture of membranes (PPROM, SROM, AROM)
8 Dystocia (protraction and arrest disorders of labor)
9 Malpresentation

Fetal risk factors (demographic)
1 Abnormal Dopplers/BPP 
2 Genetic disorders 
3 Fetal arrhythmia
4 Meconium passage
5 Chorioamnionitis
6 Second stage of labor-pushing
7 Amnioinfusion 
8 Discontinuation of pitocin due to fetal intolerance
9 Conversion patterns (acute prolonged tachycardia) (>170 

bpm)
10 Ominous overshoots
11 Bradycardia (<100 bpm)
12 Missing important data in labor (e.g., lack of EFM in second 

stage)
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Two other variables were measured but not included in the FRI 
score: point “A” corresponds to that time in the tracing where the 
fetus is manifesting early deterioration (decompensation) and 
that intervention, but not necessarily delivery is called for (i.e., IR 
including discontinuation of oxytocin, cessation of pushing, or 
consideration of delivery with IV fluids and oxygen by mask) as 
one can no longer be certain of the health of the fetus in the con-
text of the estimated feasibility of safe vaginal delivery. In many 

respects, point A corresponds to the “hypoxic criteria” for variable 
decelerations by Cibils [34], the “serious” criteria set forth by 
Clark et al. [10] in an algorithm for managing Category II pat-
terns, and “subacute hypoxia” of Pinas and Chandraharan [35]. 
While all point As would be classified as ACOG Category II, only 
a small percentage of Category II qualified as point A. No attempt 
was made to determine any specific degree of fetal hypoxia or 
acidemia.

Table 2. Electronic fetal monitoring classification
a Features of fetal heart rate patterns

Fetal heart rate
Basal rate Normal, stable heart rate at the outset of monitoring 
Baseline rate Heart rate at any moment in time – averaged over 20 min – caveat 

Normal
Rate between 110 and 160 bpma

Abnormal
Baseline tachycardiaa >160 bpm
Baseline bradycardiaa –<110 bpm

Baseline variability: variability assessed between uterine contractions and absent pushing 
Normal variability – >5 <25 bpm 
Abnormal variability Decreased/absent FHR variability <5 bpm

Sinusoidal, or nodal
Increased FHR variability >25 bpm 

Accelerations
Normal At least two FHR accelerations of >15 bpm (at peak) and 15 s duration (from onset 

to offset – associated with normal baseline variability and stable baseline rate)
Abnormal: abnormal –

pathological
Overshoots – increase in baseline FHR rate following contractions associated with 
decreased variability and absence of “shoulders”

FHR decelerations
Early/mild variable: 

either term suffices
Decelerations confined to the time period of the contraction

Variable decelerations: abrupt decelerations >30 bpm 
Late decelerations: any amplitude, but must be recurrent and proportion in amplitude and duration to the 
amplitude and duration of the underlying contractions
Prolonged decelerations: deceleration lasts longer than 2 min

Decelerations: “recovery”
Normal Each deceleration is modified by whether or not it has “recovered,” i.e., it has 

returned promptly to the previously normal baseline rate and variability; this must 
be affirmatively demonstrated; it cannot be assumed, if there are technical issues

Abnormal (not 
recovered)

Prolonged overshoot >15 s
Recovers to higher rate or increased variability
Progressively rising rate until next contraction
Slow return to the baseline

Conversion pattern: an abrupt alteration in baseline rate and/or variability – usually in association with 
ongoing variable decelerations or prolonged deceleration (see examples)

Dropped data
First stage of labor With previously normal tracing – allow 20 min

With previously abnormal tracing – immediate evaluation and possible intervention
2nd stage of labor Failure to determine or establish a baseline rate immediately following deceleration 

×2 is considered pathological; assigned to point A

a Duration of at least 10 min.
D
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Point “B” is the pattern seen after neurological damage to the 
fetus has occurred [36]. This pattern was identified – irrespective 
of Category (II–III) or perceived presence of fetal acidemia. Points 
A and B were determined blindly by one of the investigators 
(B.S.S.) who did not participate in the FRI risk scoring of the labor, 
tracings, or statistical analysis. All data and tracing evaluations for 
the study were done in the last year regardless of when the case 
actually occurred. While points A and B are the work of one of the 
authors, and reasonable experts might have slightly different con-
clusions, they were used in exactly the same fashion for all the sta-
tistical methods, so there should be no biases towards any method.

In assessing the course of labor and expectations of the feasibil-
ity for safe vaginal delivery and mindful of potential discrepancies 
in terminology [37], we have assigned risk factors according to 
perceived abnormalities of labor using the terminology for prog-
ress in labor proposed by Friedman (arrest and protraction disor-
ders of cervical dilatation and descent) [38, 39].

Calculation of FRI 
The FRI weights various MOFR according to their anticipated 

effect on maternal well-being, placental and cerebral perfusion, 
and the probability of safe vaginal delivery. The FRI was calculated 
for each 20 min segment of monitoring. In the calculation, each of 
8 categories is assigned a “1” if the category was deemed normal 
and “0” if abnormal (Table 3). The MOFR variables are static, that 
is, once they occur, the reduction in point for each category re-
mains until the fetus delivers. The EFM and EXUA variables, how-
ever, are dynamic and therefore may change as the characteristics 
of the FHR tracing change. The FRI was calculated on the number 
of points divided by 8 and multiplied by 100 to give a percentage. 
A total of 8 categories being normal would result in an FRI of 100 
(8/8). A loss in points would result in an FRI 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 the purposes of this study, an abnormal FRI was defined as 
25 or less (corresponding to the “red zone” – see below). The cal-
culation of the FRI as primary evaluation would, of course, be 
abandoned in the face of certain “sentinel” events – clinical mater-
nal, fetal, and obstetrical events deemed to represent sufficient, 
immediate indication for intervention irrespective of the other fea-
tures. These include, for example uterine rupture, umbilical cord 
prolapse, maternal hemorrhage, seizures, coronary compromise, 
and a persistent FHR bradycardia that persisted for >10 min – al-
though no such examples were present in this series.

Time intervals were calculated for length of labor, length of 
2nd stage of labor, time of first onset of abnormal FHR character-
istics to delivery, point A, point B, and presence of Category III 
tracing. In addition, the total time (based on 20 min segments) of 
each of the FHR characteristics was also analyzed. Finally, the low-
est FRI score and its duration during labor, the last FRI score, and 
its appearance and duration of time during labor were deter-
mined.

As with many tests such as high school subjects, medical boards, 
and others, there is an official test score obtained (e.g., 80, 90, 100), 
which then also generates a “grade” given (e.g., A, B, C, pass, fail). 
For the FRI, we developed both a specific score (see above) and a 
grade for easy interpretation. For convenience, akin to traffic 
lights, arbitrary (color) zones were created for the FRI score and 
plotted consecutively for each of the 20-min segments. Normal 
(green zone) included FRI scores >50, Caution (yellow zone) in-
cluded FRI scores ≤50 and >25, and Diligent ≤25 (red zone). Time 
intervals from the onset of yellow and red zone to points A, B, and 
delivery were also analyzed as was the total time (in 20-min seg-
ments) of each zone during the labor (Fig. 1). Direct comparisons 
among the FRI, Category III ACOG tracings, and ACOG Mono-
graph criteria were also performed with the understanding that the 
FRI is dependent upon FHR/uterine contraction changes as well 
as clinical data. We are unaware of any other intrapartum risk clas-
sification that attempts to determine the timing of fetal injury, al-
though ACOG affirms that injury may be inferred if the tracing 
goes from Category I to Category III [40]. Statistical analyses were 
performed with independent samples t tests, χ2, and stepwise, lo-
gistic regression, and Levene’s test for equality of variance analyses 
using SPSS software.

Table 3. Components of the fetal reserve index

1 Fetal heart rate
2 Baseline variability
3 Accelerations
4 Decelerations
5 Uterine activity
6 Maternal risk factors
7 Obstetrical risk factors
8 Fetal risk factors (separate from EFM)

Table 2 (continued)

b Features of uterine activity 

Normal (20 min) Abnormal

Frequency ≤8 contractions >8 UC (tachysystole)
Duration <90 s >90 s
Increased tonus With toco Coupling/prolonged >120 s

With IUPC >20 mm Hg
Interval A Interval – peak to peak <2 min
Interval B Interval – offset of UC to onset of next UC <1 min
Rest time >50% <50%
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(Figure continued next page.)
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b

Fig. 1. a Four representative control pa-
tients. Each column is a different patient. 
Most of the time periods are scored in the 
green zone. Very little is in the red zone, 
and cases 3 and 4 show reversion of red to 
yellow following IR. b Four representative 
CP cases. Red zone is reached before the 
end of the first stage, and the patients re-
main in the red zone for several hours be-
fore delivery. In all 4 of these cases, red 
zone proceeds to points A and B. Category 
III is reached in 3 of the 4 which is a higher 
percentage than the overall series. In all 4 
cases, the ACOG HIE criteria were not met 
(pH <7.00 and Apgar ≤3 at 5 min).
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Results

There were some statistically significant demographic 
differences between cases and controls which we do not 
believe significantly impacted any of the main findings. 
The differences for FRI and outcomes between the study 
and control groups were so large to the point where any 
demographic differences could not reasonably be be-
lieved to explain any significant proportion of the vari-
ance (Table 4). These included maternal age, proportion 
of nulliparas, and birth weights for which study patients 
were younger and closer to term which if anything would 
be thought to lower risk, but they were also more likely to 
have been induced and have heavier maternal weight 
which can increase risk. Many patients in both groups 
had multiple maternal risk factors which have not been 
included in previous monitor tracing interpretation. 
Evaluation of the incidence of the risk factors between the 
cases and controls showed, not surprisingly that risk fac-
tors were more common in the case group. Combined, 
overall in the CP cases, there were an average of 4.38 risk 
factors/study patient versus 2.38 risk factors per control 
patient (NS). There were individual, significant differenc-
es such as for hypertension including pre-eclampsia (44 
vs. 20%, χ2 = 11.1, p < 0.001), morbid obesity (20 vs. 4%, 
χ2 = 15.3, p < 0.0001), previous cesarean section (11 vs. 
6%, χ2 = 49.2, p < 0.0001), and meconium (24 vs. 7.5%, 
χ2 = 11.3, p < 0.001). For most of the individual markers, 
the instances were low, limiting the power for statistical 
interpretation with this sample size. While sometimes 
suggestive, the numbers were too preliminary for sub-
stantive analysis.

Ultimately, whatever the maternal, fetal, or obstetrical 
risks prevailed in each of these patients, a trial of labor was 
taken under by their clinicians with the expectation of 
vaginal delivery of a neurologically normal baby. Levene’s 
tests were noncontributory.

There were significant differences in the various mea-
surements of the duration and rate of progress during la-
bor (Table 4). The duration of both the 1st and 2nd stag-
es of labor, the need for operative delivery, and the ur-
gency of intervention were all greater in the case group. 
In addition, the indications for intervention commonly 
involved concern for the fetus.

As expected, many features of the fetal heart rate pat-
tern were significantly different between study and con-
trol patients (Table 5). All study patients reached point A 
compared to 8.5% of the control group (p < 0.001). No 
control patient reached point B, while 48 of 50 (96%) 
study patients reached point B. Of the 2 study patients in 
whom the timing of point B could not be assessed, the fi-
nal tracings were actually detecting maternal, not the fetal 
heart rate pattern (Table 6).

Both the use of oxytocin and the appearance of EXUA 
were ubiquitous in the study group and common in the 
control group (p < 0.001). Almost all cases of EXUA were 
associated with the use of prostaglandins and oxytocin. 
As with other investigators, diminished rest time between 
contractions correlated better with adverse outcome than 
did the frequency of contractions [41].

Cases had much lower 1-, 5-, and 10-min Apgar scores 
than controls (p < 0.001). Cord gases were available in the 
majority of cases and were obtained in 100% of our con-
trol population. The distribution of cord gas values in the 

Table 4. Patient demographics and basic outcomes

Cases Control t χ2 p

Maternal age, years 24.5 ± 5.4 27.4 ± 5.6 3.4 <0.001
Primip./multip. 38/12 79/121 21.4 <0.00001
GA, weeks 39.1 ± 1.5 38.1 ± 2.4 3.5 <0.001
Weight, g 3,438 ± 556 3,065 ± 598 3.99 <0.001
1-min Apgar 3.1 ± 2.5 7.8 ± 1.2 13.2 <0.001
5-min Apgar 5.4 ± 2.8 8.9 ± 0.5 8.7 <0.001
pH 7.05 ± 0.19 7.2 ± 0.06 4.3 <0.001
Labor, h 17.7 ± 3.6 12.8 ± 2.5 4.3 <0.001
Induction, y/n 38/12 93/107 14.0 <0.05
pH <7.00, y/n 8/23a 0/200 53.4 <0.0001
+ ACOG criteria, y/n 15/35 0/200 53.8 <0.00001
NEACP baby 50/0 0/200

a Not available for 19 cases.
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study group showed that only about 30% had pH values 
at or below 7.0 (Table 4). None of the controls did. The 
vast majority of neuroradiological exams and reports de-
scribe white matter injury – so called partial, prolonged 
pattern involving either periventricular white matter 
and/or adjacent cortical gray matter injury; only about 
8% had involvement of the basal ganglia, invariably in as-
sociation with fetal bradycardia. About 1/3 had some ev-
idence of intracranial or extracranial hemorrhage (the 
latter cases were confined to cases involving vacuum ex-
traction). Over 80% of the fetuses suffered injury during 
the 2nd stage of labor, about 15% suffered injury in the 
latter part of the 1st stage, and 2 were injured in associa-
tion with an attempted operative delivery. In these cases, 
the tracing reached point B only during the conduct of the 
vacuum or forceps. In the other 6 cases in which the vac-
uum was used, injury appeared during the 2nd stage of 
labor prior to the application of the device.

The FRI score was significantly lower in cases than 
controls both for lowest FRI, hours at the lowest FRI, and 
lowest FRI in the first stage (p < 0.001 for all; Table 5). The 
duration of lowest FRI scores was much longer in cases 
than controls (2.2 vs. 0.9 h) (p < 0.001) which also corre-
lated with a much higher incidence of operative deliveries 
(χ2 = 5.34, p < 0.001).

FRI zones (green, yellow, red) were used to develop 
predictive statistics for adverse neonatal and long-term 
handicap. All study cases reached the red zone and re-
mained there for an average of over 6 h before delivery. 
By the end of the 1st stage of labor, all study patients had 
reached the yellow zone, and 37 (74%) had reached the 
red zone. At the time of delivery, 47 (94%) of study pa-
tients exceeded 2 h in the red zone. The clinical course of 
the 1st and 2nd stages of labor, the response to the fetal 
therapy of IR, and the timing and route of delivery are 
graphically shown in Figure 1a, b. The graphs illustrate 
that cases had substantially more time in the red zone 
than controls (Fig. 1a). The typical pattern showed pro-

gression through the various zones (green, yellow, red), 
then reaching point A, and point B. 

Conversely, 66% of the controls reached the yellow 
zone, and 22% reached the red zone. Of these, 37 and 10% 
reached the yellow and red zones, respectively, during the 
1st stage of labor. Of those controls reaching the red zone, 
there was an average of 1.2-h duration before delivery 
versus 6.3 h for cases (p < 0.001). The 2nd stage seems to 
be a particular time of vulnerability for the fetus with as 
much as 80% of cases worsening significantly in the sec-
ond stage (Tables 6, 7). In the study patients, there was no 
example of reversal (improvement) of color zone desig-
nation once the patient had entered the 2nd stage, which 
is in part a by-product of the algorithm as points are de-
ducted for being in the 2nd stage. However, reversal of 
risk strata did occur in a few control patients (Fig. 1b).

The red zone appeared earlier in labor and more com-
monly in study patients than controls (χ2 = 93.1, p < 
0.00001; Table 6). In addition, the time to reach point A 
was shorter in cases than controls. The time from yellow 
to delivery was much greater for cases than controls (p < 
0.001). In the regression analysis, time in labor or either 
stage of labor were not independent predictors of injury. 
Likewise, time from entrance into the red zone to delivery 
was much greater for cases keeping in mind that only a 
minority of controls got to the red zone (22%), while 
37/50 (74%) of cases reached the red zone in the 1st stage 
versus only 20/200 of the controls (10%) (χ2 = 103.1, p < 
0.00001) (Table 6).

Table 8 lists the assessment of the individual compo-
nents of the FRI by stepwise logistic regression; it shows 
that abnormal variability and red zone explained the 
highest proportion of the variance (p < 0.001) (Table 9). 

Table 5. Fetal reserve index results

Cases Controls t p

Lowest FRI score 15 ± 4.1 40 ± 28.1 18.79 <0.001
Hours lowest FRI 2.2 ± 1.7 0.9 ± 0.2 5.34 <0.001
Last lowest FRI 25.5 ± 0.5 42.9 ± 0.4 7.87 <0.001
Hours last FRI 2 ± 1.6 0.9 ± 1.6 4.29 <0.001
FRI at end stage 1 23 ± 18.3 62 ± 12.1 16.30 <0.001
2nd stage hours 2.9 ± 1.6 1.0 ± 0.8 11.20 <0.001
2nd stage 20-min segments 5.7 ± 4.6 1.5 ± 2.0 9.12 <0.001

Table 6. Fetal reserve index performance statistics

Cases Controls χ2 p

1st stage worst color 103.1 0.00001
Green 0 125
Yellow 13 55
Red 37 20

2nd stage worst color 117.5 0.00001
Green 0 17
Yellow 0 131
Red 48 28

Overall worst color 103.7 0.00001
Green 0 16
Yellow 0 140
Red 50 44
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Discrimination in the 2nd stage and for the lowest FRI 
was even greater (χ2 = 117.5 and 103.7, both p < 0.00001) 
(Table 6).

Of the 50 cases of injury, only 8 (16%) satisfied the 
2003 ACOG criteria for intrapartum injury. If we extrap-
olate from the available clinical and neonatal findings, we 
estimate that 15 cases would have met them had we had 
complete data (usually the pH values were missing). This 
would increase the sensitivity to 30%. For the FRI, all 50 
were deemed to be injured (100%) (χ2 = 53.8, p < 0. 00001) 
(Table 10). Since predictive values vary with prevalence, 
in studies such as this in which there is an artificially in-
creased proportion of cases to controls, the positive pre-
dictive values (PPV) must be interpreted with great cau-
tion. The PPV of reaching the red zone in the first stage 
was 65%. The negative predictive value (NPV) was 93%. 
Performance in the second stage and overall was even bet-
ter (PPV 63%, NPV 100%) (Table 10).

Evaluation of points A and B showed sensitivities the 
same as the FRI, and all were far higher than for both in-
trapartum assessment by ACOG criteria (prospective 
evaluation) and correlation with NEACP intrapartum in-
jury (retrospective criteria). The PPV of the FRI was 53%, 
and A was 75%. Point B was predictive of neurological 

handicap in 100%. By that time, however, the damage was 
already done although detectable prenatally for B and an-
alyzed postnatally for ACOG (Table 10). If only the new-
born is considered, less than half of the cases would have 
met NEACP monograph criteria for intrapartum injury.

We performed a direct comparison between the FRI 
and ACOG category III for detection of abnormal out-
comes. The FRI (reaching red zone) had a sensitivity of 
100% (50/50), whereas Category III had a sensitivity of 
44% (22/50) (χ2 = 38.9, p < 0.00001) (Table 10). At reach-
ing point A, the average FRI was 16.5, reaching point B at 
3.9. For the 22/50 CP cases that got to Category III, the 
FRI was for them 1.7, consistent with a bimodal popula-
tion of the parameters producing Category III. For some 
cases, Category III could be very sensitive, but for others 
it is not (similar to the mixture model in nuchal translu-
cency screening). This reduces its clinical utility as a 
screening test. The ACOG criteria would have only iden-
tified at most 30%, and Category III only 44% of these, 
whereas our system would have picked up all 50 (100%) 
as being at very high risk – and did so an average of 6.3 h 
before delivery, and we believe before irrevocable damage 
had been done. Controls who got to the red zone spent 
only 1 h there. Using our system, only 17 of 200 (8.5%) 

Table 7. Time intervals

Time, h t p Cases Controls χ2 p

Cases Controls

Pt A to Del 4.0 ± 2.4 0.6 ± 0.4 5.96 0.0001 50/0 17/183 170.7 0.00001
Yellow to Del 10.8 ± 4.6 2.4 ± 3.3 11.92 0.001
Pt B to Del 1.3 ± 0.8 NA 48/2 0 237.6 0.00001
Pt A to Pt B 2.7 ± 2.1 NA 48/2 0 237.6 0.00001
Red to Del 6.3 ± 3.6 1.2 ± 1.5 9.16 0.001

Table 8. Time to points A and B

Time to point A t p Time to point B

cases controls cases controls

ABN FHR 0.3 ± 2.3 0.9 ± 1.4 0.95 n.s. 3.1 n.a.
ABN VAR 6.1 ± 4.4 0.8 ± 1.8 6.81 <0.001 8.6 n.a.
Absent accel. 3.7 ± 4.9 0.9 ± 1.6 3.6 <0.001 6.2 n.a.
ABN decel. 4.8 ± 4.7 3.2 ± 3.1 1.28 n.s. 7.6 n.a.
XS UT activity 7.7 ± 5.2 6.8 ± 6.6 0.51 n.s. 10.4 n.a.
Yellow 6.9 ± 4.5 3.6 ± 3.8 2.68 <0.009 9.3 n.a.
Red 2.3 ± 3.3 0.9 ± 1.4 2.37 <0.02 5.1 n.a.
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controls ever got to point A, and none to point B. Of 50 
NEACP cases, 48 got to point B and on average 1.3 h pri-
or to delivery.

Discussion

This is the first study using the FRI, which incorpo-
rates MOFR, EXUA, and EFM in a scoring system modi-
fied to assess fetal perfusion and resilience rather than 

“hypoxia.” MOFR, EXUA, and the specific identification 
of injury from the FHR pattern have not, to date, been 
used in any formal way for interpreting EFM [42]. We 
believe, this fact explains the inability of EFM to have a 
high level of sensitivity for detecting the truly at risk fetus. 
By analogy, the biochemical parameters (free β-hCG and 
PAPP-A) and nuchal translucency ultrasound were de-
veloped independently for Down syndrome screening. 
When they were finally combined for a single risk score, 
the performance metrics dramatically improved. We 

Table 9. Timing of abnormalities 

Cases Controls t p EQ VAR

a Time to delivery from 1st diagnosed abnormality
ABN FHR 4.5 ± 3.2 1.2 ± 1.3 6.25 <0.001 N
ABN variability 10.1 ± 4.7 2.1 ± 3.5 8.92 <0.001 N
Absent accel. 7.7 ± 5.2 1.2 ± 1.2 8.45 <0.001 N
ABN decel. 8.7 ± 4.9 2.4 ± 3.3 8.6 <0.001 N
XS uterine activity 11.8 ± 5.3 4.8 ± 4.7 8.78 <0.001 Y
Yellow 10.8 ± 4.6 2.4 ± 3.3 11.92 <0.001 N
Red 6.3 ± 3.6 1.2 ± 1.5 9.16 <0.001 N

b Total hours with the abnormality
ABN FHR 2.8 ± 2.0 0.2 ± 0.5 9.18 <0.001 N
ABN variability 8.9 ± 4.5 0.3 ± 1.4 13.24 <0.001 N
Absent accel. 6.3 ± 3.8 0.2 ± 0.6 11.32 <0.001 N
ABN decel. 6.6 ± 3.4 1.5 ± 2.1 9.23 <0.001 N
XS uterine activity 9.9 ± 5.4 3.2 ± 3.7 8.28 <0.001 N
Yellow 5.2 ± 3.5 1.8 ± 2.6 6.48 <0.001 N
Red 5.4 ± 2.9 0.2 ± 2.6 12.63 <0.001 N

c Ratio hours with ABN/time since 1st diagnosed abnormality
ABN FHR 0.75 ± 0.10 0.14 ± 0.03 11.23 <0.001 Y
ABN variability 0.90 ± 0.08 0.14 ± 0.02 20.9 <0.001 N
Absent accel. 0.89 ± 0.11 0.17 ± 0.02 19.22 <0.001 N
ABN decel. 0.85 ± 0.12 0.82 ± 0.12 0.58 n.s. Y
XS uterine activity 0.84 ± 0.15 0.74 ± 0.10 2.06 n.s. N
Yellow 0.50 ± 0.19 0.87 ± 0.14 3.47 <0.001 Y
Red 0.90 ± 0.20 0.19 ± 0.04 18.34 <0.001 N

Table 10. Screening performance of methods

FRIa Category IIIa ACOGb Point Aa Point Ba

Cases/controls, n 50/200 50/200 50/200 50/200 50/200
Sensitivity 100 (50/0) 44 (22/28) 30 (15/35) 100 (50/0) 96 (48/2)
Specificity 78 (156/44) 78 (156/44) 100 (200/200) 92 (183/200) 100 (200/200)
Positive predictive valuec 53 (50/44) 33 (22/44) 100 (15/15) 75 (50/67) 100 (48/48
Negative predictive valuec 100 (156/156) 85 (156/184) 85 (200/235) 100 (183/183) 99 (200/202)

a Prospective data. b Retrospective data. c Must be interpreted with great caution.
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reach the same conclusion here. Furthermore, using the 
same analogy, a combined score likelihood ratio of 2.0 
would not increase the risk of a 24-year-old into the ab-
normal range, but it would do so for a 34-year-old. For 
the FRI, the underlying risk of the fetus is incorporated 
into the formal risk assessment, and it appears to produce 
more reliable screening.

These data for the development of a dynamic screen-
ing test with a sensitivity for neurological injury and sub-
sequent handicap substantially improved over the system 
using Categories I–III appear promising. Prospectively, 
the FRI improves identification of patients at significant 
risk of fetal intolerance to the hypoxemic and mechanical 
forces of labor far earlier than Category III. The FRI also 
avoids the ambiguity of the overly broad Category II 
whose 80% incidence is much too high to be useful as a 
screening test. The FRI builds upon the features of the 
category system on to which additional parameters are 
added in a new paradigm of fetal surveillance.

The FRI is designed to recognize risk before significant 
hypoxia or ischemic threat and to prevent the fetus from 
falling behind by keeping it out of harm’s way from the 
outset. The multicomponent FRI also demonstrates that 
combining the traditional EFM approach (with MOFR) 
should provide better statistical performance than EFM 
alone. 

The physiology underpinning this approach is reflect-
ed in the consistent progression of the FRI to the point of 
fetal injury, irrespective of the time in labor or the final 
heart rate patterns. We believe that the general progres-
sion of labor-related fetal injury goes: green, yellow, red 
(by FRI), then point A, prolonged red stage, point B. 
Compared to ACOG Category I–III, FRI showed greater 
sensitivity and specificity. We certainly do not expect a 
100% sensitivity of any screening tests to remain, but the 
improvement over the category system is substantial.

The FRI data suggest that category III and HIE have 
cutoffs that are far too right on the distribution curve of 
values. It would be analogous to MSAFP screening for 
neural tube defects, to using a cut of 4 MOM instead of 
the typical 2.5 MOM. The sensitivity would be lowered 
from approximately 90 to 60%. While the PPV of cases 
above that cutoff would be very high, there would be far 
too many false negatives and thus a lowered sensitivity. 
However, unlike MSAFP which has back-up with ultra-
sound studies and amniotic fluid parameters, as a practi-
cal matter, currently used, EFM is effectively treated as a 
“diagnostic test” and as the last line of defense to prevent 
potential injury in labor. The FRI methodology suggests 
that prenatal screening should place more emphasis on 

identifying the fetus at risk for further decompensation, 
instead of using it to diagnose definitively the asphyxiated 
fetus. The FRI seems to allow the clinician increased time 
to implement fetal therapeutic IR measures (reducing 
contraction frequency and pushing, improving oxygen 
and fluid administration, but perhaps most importantly 
in the 2nd stage, curtailing expulsive efforts, at least tem-
porarily) that may hopefully allow the fetus to accommo-
date for the greater forces acting upon it and safely de-
liver vaginally before the threatened fetus becomes as-
phyxiated or neurologically injured. FRI changes occur 
long before reaching Category III by which time, it seems 
to be too late to prevent injury. 

EXUA, with its implications for uterine and fetal cere-
bral blood flow, was assessed according to Table 2b. For 
the purposes of this report, we have avoided the terms 
“hyperstimulation” and “tachysystole” as single terms to 
describe EXUA. The ACOG definition of tachysystole of 
a frequency of 6+ contractions in 10 min averaged over 
30 min appears to us to be too restrictive when compared 
to the current AWHONN guidelines which call for a 
maximum of 4 contractions in 10 min, irrespective of 
FHR pattern. The FRI does not require any changes in the 
FHR pattern required to make the diagnosis of EXUA, 
but the data suggest that by reducing the contraction fre-
quency and prolonging the rest time between contrac-
tions and/or pushing to meet the criteria of EXUA results 
in an earlier detection of fetal risk and thereby increases 
fetal safety as well as the opportunity for successful vagi-
nal delivery when IR measures are implemented in a 
timely fashion.

Reliance upon the FRI requires a normal admission 
tracing without suggestion of any preceding insult so that 
neurologically injured fetuses prior to the onset of labor 
will not confuse or reduce the successful identification of 
the fetuses at risk for injury during labor. Patients with 
abnormal tracings at the outset of labor have significant 
differences in management and outcomes and therefore 
were not included in this initial study [43, 44]. In this 
study, all cases had normal brain structure and function 
at the outset (reactive nonstress test) and, by clinical, neu-
rological, neuroradiological, and follow-up criteria, were 
found to have suffered injury during labor and delivery.

We believe this study to be the first one to formally ex-
plore the combination of EFM, MOFR, and postnatal 
neurological factors with known, long-term, radiologi-
cally confirmed, neurological handicap without first 
stratifying the patients according to the severity of meta-
bolic acidemia or encephalopathy at birth. We also be-
lieve it is the first study to systematically attempt to use 
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the EFM parameters as a dynamic “screening” rather than 
a “diagnostic” test for the diagnosis of injury separate 
from acidemia. Future, prospective studies will be needed 
to verify this new use of EFM parameters in conjunction 
with clinical risk factors.

The NEACP criteria would have only identified (and 
perhaps demanded intervention in) at most 30%, and cat-
egory III only 44% of these, whereas our system picked up 
and would have mandated diligence for all 50 cases as be-
ing at very high risk – and did so an average of 6.3 h before 
delivery and 5.1 h before the appearance of point B. In the 
2 patients in whom injury was identified, but point B was 
not specifically identified, it was the maternal heart rate, 
not the fetal heart rate pattern that was being unknow-
ingly recorded – a feature detected in our system.

Reaching the red zone and time spent in the red zone 
were markedly different between study and control pa-
tients. Only 22% of controls reached the red zone; they 
remained there for only about 1 h. Only 17 of 200 (8.5%) 
controls ever got to point A and none to point B. All 50 
CP cases reached the red zone and remained there for an 
average of 6.3 h. After reaching point B, the average time 
until delivery was 1.3 h.

Conceptually, the system was designed such that en-
tering the red zone signals the need for the presence at the 
bed side of senior obstetrical providers who can make de-
cisions and implement them quickly. We have found the 
easiest way to understand the approach comes through a 
couple of sports analogies. Thus, the red zone starts a 
countdown to required action similar to the “shot clock” 
in basketball. We also believe, using an American football 
analogy, that getting into the red zone is not 4th down and 
15 to go, it is more like 3rd down and 15, i.e. we have to 
do something now, but immediate cesarean section is not 
the only option. For the rest of the world, the football 
analogy is the difference between defending a corner kick 
rather than a penalty kick.

Conceptually, the argument behind the FRI provides 
an ongoing dynamic, (not static) multiphasic, easily 
graphed screening test to assist the clinician in anticipat-
ing, early in the course, hypoxic/ischemic, mechanical, 
and infectious risks to prevent fetal injury [5] rather than 
tolerating getting close to the edge of some “asphyxial 
pattern” (Category III) or labor futility before interven-
tion [45]. Clinical management should not be a question 
of “how much more can the fetus take,” but the early iden-
tification of the fetus that is on a downward trajectory 
when potentially hostile mechanical or hypoxic features 
can be avoided or corrected by timely IR. There would 
seem to be little justification for waiting until the fetus is 

indeed acidemic before intervening or before terminal 
bradycardia supervenes [46, 47].

Strengths of our study include it being one of the larg-
est case series of neurologically injured outcomes in 
which the fetus entered labor intact, then had non-reas-
suring EFM changes, and who had pediatric/neurological 
diagnoses of CP confirmed by both neuroradiology and 
long-term follow-up. The FRI builds upon existing dog-
ma, and we believe enhances screening capabilities by 
combining 2 different components of assessment as has 
been shown to be very useful in genetic screening. Limita-
tions include the retrospective, unique data set, imperfect 
control group, and sample size big enough to suggest va-
lidity of the concept, but not large enough for precise cal-
ibration of the individual variables. Currently, all risk fac-
tors are weighted evenly. We anticipate that as data accu-
mulate, the exact components and weighting of the FRI 
may evolve for better statistical modeling and perfor-
mance.

Our system is intended to replace very subjective and 
sometimes contradictory approaches of labor manage-
ment with a more objective one that can be readily 
graphed to make it easy to follow the course of labor. The 
FRI parameters are quantifiable with outputs interpreta-
ble easily by clinical personnel with varying degrees of 
training and experience. We have incorporated the FRI 
parameters into a computerized tracing interpretation 
program and scoring system. The objective is to improve 
perinatal outcomes by creating a standardized, quantita-
tive, physiologically based algorithm as a “screening test” 
that provides time for action before permanent damage 
occurs.

A few months prior to this publication, Clark’s group 
attempted to optimize EFM performance statistics by us-
ing internationally recognized experts to perform the in-
terpretations [15]. These authors have been considered 
key opinion leaders favoring “traditional” interpretations 
of EFM including metabolic acidosis as the end point re-
quired for labor related HIE (rather than injury per se), 
and espoused the ACOG category system. However, they 
reported that even they could only do a little better than 
standard practice. They concluded: “Of infants born with 
metabolic acidosis, only approximately one half poten-
tially could be identified and have delivery expedited even 
under ideal circumstances, which are probably not real-
istic under current US practice. This represents the limits 
of EFM performance. Additional technologies will be 
necessary if the goal of the prevention of neonatal meta-
bolic acidemia is to be realized.”
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