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Abstract

Objective -—To report on the ultrasound quality assurance (QA) program for the NICHD Fetal
Growth Studies and describe both its advantages and generalizability.

Methods -—After training on the Voluson E8 with ViewPoint software (GE Healthcare;
Milwaukee, WI), research sonographers were expected to capture blank (unmeasured) images in
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triplicate for crown-rump length, biparietal diameter, head circumference, abdominal
circumference, and femur length. A primary expert sonographer was designated and validated. A
5% sample (n=740 of 14,785 scans) was randomly selected in three distinct rounds from within
strata of maternal body mass index (Round 1 only), gestational age, and research site. Unmeasured
images were extracted from selected scans and measured in ViewPoint by the expert sonographer.
Correlations and coefficients of variation (CV) were calculated, and the within-measurement
standard deviation, i.e., technical error of the measurement (TEM), was calculated.

Results -—The reliability between the site sonographers and the expert was high, with
correlations exceeding 0.99 for all dimensions in all rounds. The CV %s showed low variability,
with the percentage differences being less than 2%, except for abdominal circumference for
Rounds 2 and 3, where it averaged about 3%. Correlations remained high (> 0.90) with increasing
fetal size; there was a monotonic increase in TEMs but without a corresponding increase in the CV
%.

Conclusions -—Using rigorous procedures for training sonographers, coupled with QA
oversight, we determined that the measurements acquired longitudinally for singletons are both
accurate and reliable, for establishment of an ultrasound standard for fetal growth.
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INTRODUCTION

The aims of the NICHD Fetal Growth Studies were to establish standards for fetal size-for-
gestational age and growth (velocity) in singleton pregnancies for four self-identified racial/
ethnic groups in the United States! and, in comparison, to describe growth trajectories for
the fetuses of healthy obese women and for dichorionic twin fetuses. Critical for establishing
an ultrasound standard or a size or velocity reference is the assurance of high-quality
measurements and reliability, through a formal quality control (QC) scheme similar to those
used in the anthropometry of the living.2~4 This is especially important for growth velocities,
to determine the time needed between measurements for growth to exceed measurement
error and in recognizing the timing of growth and peak velocity.> Measurements need to be
made reliably to minimize intra- and interobserver variation and assure consistency over
time.%

We defined and implemented two complementary approaches for achieving ultrasound
quality in the NICHD Fetal Growth Studies. The first was a QC phase involving rigorous
training of site sonographers, standardization of transducer pressure, image acquisition, and
caliper placement, and a possibility of re-training if necessary.” The second was a unique
quality assurance (QA) phase that covered the entire study through re-measurement of
randomly selected scans. Initial QC was accomplished before sonographers were
credentialed to perform study scans and collect measurement data. Our objective is to report
on the ultrasound QA program for the NICHD Fetal Growth Studies and comment on its
advantages over conventional interobserver reliability schemes or other methods and on its
generalizability to other longitudinal ultrasound studies.
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MATERIALS AND METHODS

NICHD Fetal Growth Studies cohorts

Beginning in July 2009 through January 2013, the NICHD Fetal Growth Studies recruited
2,334 low-risk gravidas, with a pregravid body mass index (BMI, kg/m?) of 19-29.9 kg/mZ,
with certain menstrual dates estimated from the date of the last menstrual period (LMP),
carrying singletons, and with no pre-existing conditions that could impede fetal growth. The
complete list of inclusion and exclusion criteria has been published.! Gravidas were
recruited from 12 clinical sites in the States of Alabama, California (3 sites), Delaware,
Illinois, Massachusetts, New Jersey, New York (2 sites), Rhode Island, and South Carolina
and from four self-identified racial/ethnic groups: non-Hispanic white (NHW, n=614); non-
Hispanic black (NHB, n=611; Hispanic (n=649); and Asian (n=460). An ultrasound estimate
of gestation at recruitment was made and for inclusion in the study had to be between 8-13
completed weeks’ gestation and to match the LMP-based gestational age within five days for
women between 8-10 completed weeks, six days for those between 11-12 completed
weeks, and seven days at 13 weeks.

Once recruited, participants were randomized to four measurement schedules each with up
to six study visits: baseline (visit 0) at 8-13 weeks; visit 1 at 16—-22 weeks; visit 2 at 24-29
weeks; visit 3 at 30-33 weeks; visit 4 at 34-37 weeks; and visit 5 at 38-41 weeks. A total of
486 obese women (pregravid BMI 30-45 kg/m?) carrying singletons were also recruited,
randomized and measured on the same schedules as the low-risk women. All scans for all
participant gravidas were subject to QA, regardless of participant weight or completion
status. Approval to enroll subjects was obtained from all clinical sites, and the protocol was
also approved by the Eunice Kennedy Shriver National Institute of Child Health and Human
Development human subjects’ review board. Participating women gave informed consent
before beginning the protocol.

Sonographer credentialing (quality control)

Before data collection was started, the dedicated sonographers at each of the clinical sites
attended a multi-day educational program under the direction of the study’s central sonology
unit (Principal Investigator, Mary E. D’Alton, MD, Columbia University Medical Center,
New York, NY) that included didactic and hands-on training in the acquisition of
standardized images using study equipment and the performance of standardized
measurements according to the procedures outlined in the study manual of operations.” All
scans were performed on identical equipment (Voluson E8, GE Healthcare, Milwaukee, WI)
using a transabdominal curved multi-frequency volume transducer (real-time abdominal
(RAB) 4-8 MHz) and endovaginal multi-frequency volume transducer (real-time
intracavitary (RIC) 6-12 MHz)

Crown rump length (CRL) was measured along the mid-sagittal long axis as the maximum
linear distance between the fetal head and rump. Biparietal diameter (BPD) was measured at
the level of the thalami and cavum septa pellucida or the cerebral peduncles as the linear
distance from the outer edge of the proximal to the inner edge of the distal skull, while head
circumference (HC) was measured at the same level (and often on the same images) using
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the ellipse function around the outer perimeter of the skull. Abdominal circumference (AC)
was measured using the ellipse function circumscribing the actual or projected skin line in
the transverse plane at the level of the stomach and the junction of the umbilical vein and
portal sinus. Femur length (FL) was measured as the linear distance along the long axis of
the femoral diaphysis.

Following training, sonographers were required to submit to the central sonology unit 15
singleton credentialing scans, five in each trimester. Each credentialing scan was reviewed
and scored for image quality (magnification, gain, resolution), image plane (including the
presence of required landmarks), and caliper placement. Each image was expected to
demonstrate the quality, plane, and measurement as specified in the study manual of
operations; failure of any of these criteria led to a non-passing grade for the image. Each
biometric measure was expected to pass in at least four out of five credentialing scans per
trimester, and measures that failed on more than one scan per trimester had to be replaced
with a supplemental image of the same biometric measure from the same trimester until the
passing criteria were met.

When performing study scans, sonographers were expected to acquire high-quality images
with the same resolution, plane and magnification demonstrated in credentialing.
Sonographers were also expected to acquire study measurements using proper caliper
placement with the linear distance function for straight line measures and the ellipse
function for circumferential measures.” Measurements were captured in ViewPoint (GE
Healthcare) using a fillable mask (i.e., computer screen template) designed specifically for
the study to blind the sonographers from previous measurements. Images and the
accompanying data were electronically transferred to the image coordinating center
(Principal Investigator, Robert E. Gore-Langton, PhD, The Emmes Corporation, Rockville,
MD) for storage and further processing.

Quality assurance (QA) image acquisition

The decision was made a priorithat a randomly-selected 5% of the scans with three replicate
images for each measurement would be re-measured for QA. For all study scans at all study
sites, sonographers were expected, as often as possible, to acquire and save a “blank”
(unmeasured two-dimensional image) before each replicate measurement. This was done
only for key dimensions, that is, those most frequently used in estimating gestational age
and/or estimations of fetal weight.8 Unmeasured images were collected for crown-rump
length (CRL) and biparietal diameter (BPD) which were measured in triplicate in the first
trimester (8-13 completed weeks), corresponding to the baseline study visit (visit 0). BPD,
head circumference (HC), abdominal circumference (AC), and femur length (FL) were
measured in triplicate the second and third trimesters (visits 1-5, 14 weeks to delivery).

Scan and image management

For implementation of the QA scheme, the image coordinating center created a scan
management system specifically for the study QA, so that in re-measurement the expert
sonographer (“gold standard”) would be blinded to the characteristics of the participants,
particularly the gestational age of the fetus and to the measurements taken by the site
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sonographers on the same images. As part of the system, a trained curator extracted the
blank images from the selected scans and saved them into a separate folder for re-
measurement by the expert sonographer. The selected scans were then randomized for order
of presentation so that the re-measurement approximated a clinical situation (i.e., not
clumped by trimester) and access was limited so that the expert only had access each day to
the number of scans that could be expected to be measured in a normal clinical day. The
images were measured using ViewPoint (GE Healthcare) on a dedicated workstation or
laptop computer unconnected to study ultrasound equipment.

Establishing a gold standard

In preparation for QA, we first established a set of three “gold standard” sonographers
(experts), with one designated as primary (GS1) and two back-ups (GS2, GS3). The primary
expert was a Registered Diagnostic Medical Sonographer (RDMS) with over 25 years of
experience in obstetric ultrasound, and the back-up experts were both Maternal-Fetal
Medicine specialists. Measurement reliability was determined among them by re-
measurement of the blank images from a randomly-selected set of 30 scans, stratified by
study visit, from the on-going study.

Statistical methods

RESULTS

Several different metrics were used in evaluation of reliability both among the experts and in
comparison with the site sonographers. For all dimensions, measurements were taken in
triplicate (three separate images) and averaged. The average (in mm) and percentage
differences (+ standard deviation, SD) between the site sonographers and expert were
calculated to check for systematic measurement differences. Using linear mixed models, the
intraclass correlation coefficient (ICC) to validate the three experts and the coefficient of
variation (CV) were calculated. The CV, or relative SD, was then converted to a percentage
(CV %). The comparison between the site sonographers and expert was made using a
Pearson’s correlation (7).

As an indicator of measurement accuracy, the intraobserver technical error of measurement
(TEM) was calculated.3* The TEM, also known as the measurement error standard
deviation or unreliability SD, for triplicate measures was calculated using a linear mixed
model with a single random intercept where the TEM is the residual standard error in the
model. The TEM can be interpreted much like a SD where approximately two-thirds of
measurements should be within the mean + TEM for each triplicate set.

Establishing a gold standard

The initial validation of the primary gold standard (GS1) sonographer was accomplished
before implementation of QA by comparison of GS1 with two secondary experts (GS2 and
GS3), who were then available as back-ups. The blank (unmeasured) images from 30 scans,
randomly selected to represent all visits, were measured independently by the three experts
(Table 1). Accuracy among the three sonographers was excellent, with ICCs exceeding 0.99
for every dimension and CV %s (CV x 100) showing low variation. The CV %s were less
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than 2% for HC and FL and less than 1% for CRL, BPD, and AC. The TEMs were
comparable across the experts.

Implementation of the QA for singletons

For ease of management, interim review, and remediation if necessary, there were three
rounds of QA assessment. The total number of scans available for QA by the end of the
study was 14,785, representing scans from 2,820 individual gravidas (Table 2). Exactly 5.0%
of the scans (n7=740) were selected for QA review, representing 26.2% of the study
participants with each participant represented only once for purposes of QA. Scans in each
round were selected for QA based on cut-offs for expected date of delivery, so that a
gravida’s complete set of scans was available for selection. Scans from participants who had
not delivered or were not expected to deliver by the cut-off dates were included in the
subsequent round. The cut-off for Round 1 was expected delivery by October 1, 2011; for
Round 2, expected delivery by October 1, 2012; for Round 3, study completion (October 1,
2013). The scans in Round 1 were randomized and selected based on strata for cohort (low-
risk, obese), visit number (0, 1, 2, 3, 4, 5), and sonographer/site, while Rounds 2 and 3 were
stratified by only visit number and sonographer/site because there were too few in the obese
cohort for a separate stratum and because analysis of Round 1 indicated that there was no
difference in measurement reliability by maternal weight status (data not shown).

There were fewer blank images available for QA than there were replicate measurements,
although the number of missing blank images was not large (1.5%). Of the 7,707 expected
images (3 images per measure for each scan), there were only 16 missing measured images
(0.2%) for the site sonographers, but 115 missing unmeasured images (1.5%).

The reliability between the site sonographers and GS1 remained high over the course of the
study, with the overall correlations exceeding 0.99 for all dimensions in all Rounds (Table
3). The concordance for CRL from 8-13 completed weeks (r=0.994, £<.001) is shown in
Figure 1. The concordance for BPD from 8-41 completed weeks (r=0.999, P< .001) and
for FL (r=0.998, P<.001), HC (r=0.998, P<.001), and AC (r=0.996, P< .001) from
14-41 completed weeks are shown in Figure 2. The CV %s for all measures showed low
variability, and the percentage differences were less than 2%, with the exception of the
measurement of AC for Round 2 and Round 3, where the percentage difference averaged
about 3%. However, for both the site sonographers and for GS1 the TEM remained
consistent over the Rounds, despite there being more scans with fewer than three images
available for re-measurement.

AC measurement in Rounds 2 and 3 were less reliable than the other key dimensions, with
GS1 measuring larger than the site sonographers. However, the difference was consistent for
all sites, sonographers, and fetal size, indicating that GS1 was the source of the difference,
not the site sonographers.

Likewise, correlations remained high (> 0.90, £<.001) between the site sonographers and
GS1 through gestation with increasing fetal size and without a significant increase in the CV
% (Table 4). For most measurements there was a trend toward a greater absolute discrepancy
with advancing gestational age, but this did not translate into an increased percentage
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difference or higher CV %s. There were also no differences by site sonographers, such that
all site sonographers measured equally well, relative to the primary expert.

To assure the on-going accuracy of the primary gold standard (GS1), after each round a
random set of 30 scans from the Round were measured by one of the secondary gold
standards (GS2) with the finding that the primary gold standard (GS1) remained reliable
over time, although the measurement of AC drifted slightly higher by about 5-6 mm (data
not shown).

DISCUSSION
Quiality control (QC) v. quality assurance (QA)

Given the nature of image acquisition and software, there are two approaches to
measurement reliability that can be applied in ultrasound studies. Both presuppose
sonographers’ rigorous training in image acquisition and caliper placement before data
collection begins, similar to the training needed to credential anthropometrists in positioning
subjects and locating landmarks. We opted for a QA scheme that was on-going throughout
the study and was developed because the benefits of on-going QA outweighed those of
implementing a QC plan of on-site interobserver reliability%19 or of monitoring the
measurement variability (intraobserver reliability) of site sonographers.11-13 The latter
presumes that the TEMs and tolerable variability of the biometric measures are established
so that the intraobserver reliability can be monitored prospectively using cumulative sum
(CUSUM) graphs or other graphical techniques,12:13 and is implemented more for QC than
for QA.

We also sought to minimize inconvenience to participants and to limit the amount of
ultrasound exposure, while at the same time blinding the sonographers to which scans would
be selected, equally exposing all scans to selection for QA, and blinding the expert (“gold
standard”) sonographer to participant characteristics that could affect measurement (e.g.,
race/ethnicity, maternal weight status, gestational age of the fetus).141°

QC by periodic interobserver measurement of the same participant10-16.17 js by far the most
common in ultrasound studies, and there are benefits to this approach. Issues can be
identified and sonographers re-trained immediately with assurance going forward. There are,
however, a number of drawbacks. There is a need for experts to oversee data collection
remotely or travel in multisite studies and/or to establish reliability among local experts. The
acquisition of multiple scans is time-consuming for participants, especially in the third
trimester, at least doubling the length of the visit. For research purposes, it may be necessary
to obtain additional consent for a reliability scan, and the sample re-scanned may not be
representative (i.e., representing all factors that may affect measurement, such as gestational
age) or present when the expert is available on-site or remotely. Finally, re-scanning the
same gravida may introduce artificially high agreement by having sonographers aware that
participant will be re-scanned. That is, the sonographer is not blinded to which participants
are selected for reliability.1” A novel scheme using archived three-dimensional volumes to
re-measure for two-dimensional reliability was recently employed by the
INTERGROWTH-215t study, and while this may overcome some of the issues associated
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with conventional QC, it was noted that acquisition of the volumes added considerable time
to the visit, and there was some unanticipated difficulty in manipulating the three-
dimensional volumes and locating the correct planes or positions for measuring some of the
linear dimensions.18 For example, measurements were systematically smaller using three-
dimensional volumes acquired when the head was facing anterior and posterior or when the
long axis of the femur was perpendicular to the transducer.

The NICHD Fetal Growth Studies instead had a planned post Aioc determination of
reliability, i.e., QA accomplished by measurement of blank (unmeasured) images from
randomly-selected scans. In this case, the emphasis was more on caliper placement and
measurement than image acquisition. However, quality image acquisition was a core
component of sonographer training, using a scheme of image scoring similar to that
developed for the First And Second Trimester Evaluation of Risk (FASTER) Trial that
evaluated the quality of nuchal translucency measures.1® It was planned for the NICHD
Fetal Growth Studies that insofar as possible all sonographers were to save blanks
(unmeasured images) before each measurement for key dimensions for experts to re-
measure. This has a number of benefits over conventional QC. First, expert sonographers
can work from a central location or electronically using the saved images and can do so
expeditiously, so that many more QA images covering more contingencies (e.g., advancing
gestational age, race/ethnicity, maternal weight, sonographer, clinical site) can be assessed.
The acquisition of blank images may add some time to the study visit, but it is minimal and
all patients are equally exposed with no additional consent needed.

There are other advantages. Every scan is equally subject to QA (within limits of
stratification), and the sample for reliability can be structured to ensure that factors thought
to affect scan acquisition and measurement can be equally represented, e.g., maternal weight
group, gestational age,1*1° and sonographer. Importantly, if blanks are available, it is
possible to score scan quality independently and re-measure particular dimensions or
exclude individual questionable measures, such as an AC in the third trimester, if it is found
that the scans and/or measurements were problematic for certain sonographers. \We were
also able to establish TEMs by gestational age for real-time evaluation of measurement
variation in future studies. Finally, this scheme ensures that the sonographer is blinded to
which scans and participants will be re-measured for reliability, and the experts are blinded
to the sonographers’ measurements.

There are some limitations to the QA scheme that was developed. Post hoc, there was no
real-time oversight of sonographers while performing research scans, meaning that there is
more reliance on sonographers’ initial training for image acquisition. This reinforces the
importance of credentialing sonographers when beginning ultrasound studies.” There may be
reasons, such as visit length or fetal position, that will make the acquisition of unmeasured
images difficult, and that will affect the estimation of reliability. A QA scheme that is
primarily assessing caliper placement does not address the quality of image acquisition (i.e.,
image quality, landmark presence, magnification), although those can be assessed
qualitatively on the blanks in addition to the quantitative assessment. We were unable to
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detect in a timely fashion a minor change in the measurement technique of the primary
expert, so that a recommendation from this study would be to have more frequent
standardization among experts. Finally, remediation by re-measuring saved images could be
time-consuming and costly, but at least it is feasible. Still, in the context of our study with
good training of sonographers, there was no need for remediation of any site sonographer
and the QA approach worked well.

Summary of QA findings

Using rigorous procedures for training and credentialing sonographers, coupled with QA
oversight of a 5% random selection of scans, we determined that the measurements acquired
longitudinally for singletons in the NICHD Fetal Growth Studies are both accurate and
reliable, minimizing measurement and sonographer error, for establishment of a standard for
fetal growth. Specifically, the low measurement variability and technical errors of the
measurement reinforce the validity of the trajectories and significance of the racial/ethnic
differences in fetal growth that we observed.! We also found that, of the measurements used
most commonly in equations to estimate fetal weight, AC (a soft tissue measure) is the least
reliable and most variable, which should be taken into account in models and studies that
emphasize AC or AC velocity as a major predictor of fetal outcome.20

There are unique features to QA by re-measurement of saved images that make it well worth
consideration for future studies. First, sonographers are blinded to what scans will be used
for QA, and the experts are blinded to characteristics that may affect measurement (e.g.,
maternal weight, race/ethnicity). Second, if it is found that a particular sonographer is
measuring unreliably, it is possible to re-measure archived scans to minimize error. Finally,
reliable measurements have value clinically in accurately sizing fetuses and defining
abnormal growth to ensure proper diagnosis and timely intervention.
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Figure 1.
Measurement concordance (r=0.994, P< .001) for crown-rump length (CRL) between the

primary expert sonographer (GS1, x-axis) and the site sonographers ()~axis).
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Figure 2a.
Measurement concordance (r=0.999, £< .001) for biparietal diameter (BPD, outer-inner)

between the primary expert sonographer (GS1, x-axis) and the site sonographers (y~axis).
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Figure 2b.
Measurement concordance (r=0.998, £< .001) for femur length (FL) between the primary

expert sonographer (GS1, x-axis) and the site sonographers ()-axis).
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Figure 2c.
Measurement concordance (r=0.998, £< .001) for head circumference (HC) between the

primary expert sonographer (GS1, x-axis) and the site sonographers (y~axis).
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Figure 2d.
Measurement concordance (r=0.996, < .001) for abdominal circumference (AC) between

the primary expert sonographer (GS1, x-axis) and the site sonographers (J~axis).
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Table 2.

Comparison of the Characteristics of the Total Number of Scans Acquired for Singletons with Those
Randomly Selected for Quality Assurance (QA)

Characteristic ~ Specifics Total sample QA sample
n n (%)

Scans acquired

Total all scans 14,785 740 (5.0)
Individual gravidas 2820 740 (26.2)
QA rounds
1 Delivered by 01 Oct 2011 6552 328 (5.0)
2 Delivered by 01 Oct 2012 5671 284 (5.0)
3 Delivered by 01 Oct 2013 2562 128 (5.0)
Cohorts
Low-risk (BMI 19-29.9 kg/m?) 12,356 576 (4.7)
Obese (BMI = 30 kg/m?) 2429 164 (6.8)
Geographical regions
Northeast 4391 224 (5.1)
South 5690 285 (5.0)
Midwest 1860 92 (4.9
West 2844 139 (4.9)
Study visit Gestation
0 8-13 weeks 2799 134 (4.8)
1 16-22 weeks 2710 141 (5.2)
2 24-29 weeks 2600 128 (5.0)
3 30-33 weeks 2545 132 (5.2)
4 34-37 weeks 2429 120 (4.9)
5 38-41 weeks 1702 84 (4.9)

Data for the total number of scans are the number for the total number of scans acquired, not the total number of individual gravidas. Data for the
QA sample are given as n (%), representing the number and percentage of the total number of scans. Individual gravidas (n=2820) could be

represented up to 6 times in the total number of scans, but only once in the QA. BMI, pregravid body mass index (kg/mz); and QA, quality
assurance.
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