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Abstract

Objectives: Ultrasound users are advised to observe the ALARA (As Low As Reasonably 

Achievable) principle, but studies have shown that most do not monitor acoustic output metrics. 

We developed an adaptive ultrasound method that could suggest acoustic output levels based on 

real-time image quality feedback based on lag-one coherence (LOC).

Methods: LOC as a function of Mechanical Index (MI) was assessed in thirty-five healthy 

volunteers in their second trimester of pregnancy. While imaging the placenta or the fetal 

abdomen, the system swept through 16 MIs ranging from 0.15 to 1.20. The LOC v. MI data 

was fit with a sigmoid curve and the ALARA MI was selected as the point at which the fit reached 

98% of its maximum.

Results: In this study, the ALARA MI values were between 0.35 and 1.03, depending on the 

acoustic window. Compared to a default MI of 0.8, the pilot acquisitions suggested a lower 

ALARA MI 80% of the time. Contrast, contrast-to-noise ratio (CNR), Generalized CNR (gCNR), 

and LOC all followed sigmoidal trends with increasing MI. The R2 of the fit was statistically 

significantly better for LOC than the other metrics (p < 0.017).

Conclusions: These results suggest that maximum image quality can be achieved with acoustic 

output levels lower than the FDA limits in many cases and an automated tool could be employed 

in real-time to find the ALARA MI for specific imaging conditions. Our results support the 
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feasibility of an automated, LOC-based implementation of the ALARA principle for obstetric 

ultrasound.
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BACKGROUND

ALARA is an acronym for “As Low As Reasonably Achievable.” This principle is widely 

used in medical imaging that involves ionizing radiation exposure, such as X-ray and 

Computed Tomography (CT), and it is codified in the Federal Registrar as part of the 

Standards for Protection Against Radiation.1 This ALARA safety framework has also been 

extended to ultrasonic imaging.2

The US Food and Drug Administration (FDA) is the main regulatory body for diagnostic 

ultrasound in the United States. It provides guidelines for the acoustic output of ultrasound 

systems through several metrics that quantify acoustic exposure. The FDA initially 

implemented application-specific guidelines for acoustic exposure limits for ultrasound 

systems in response to the Medical Device Amendments of 1976.3-5 The values chosen 

were based on the output levels of scanners available at the time. In their 1993 guidance, 

the FDA increased some of the guideline values, standardized them for all applications 

except ophthalmic imaging, and added metrics that related output levels to mechanical 

and thermal bioeffects, the Mechanical Index (MI) and Thermal Index (TI), respectively.6,7 

These changes were related to an ongoing debate in the ultrasound community between 

supporting hard upper limits for acoustic output or relying on the users’ discretion and 

a case-by-case risk/benefit analysis. With these changes, a significant portion of the risk 

assessment was transferred from manufacturers to ultrasound users.4

The MI is an indicator of the risk of mechanical effects, such as cavitation.8 Inertial 

cavitation happens when small, gas-filled nuclei undergo large changes in size and 

ultimately collapse, causing local temperatures up to thousands of degrees Celsius and 

the formation of harmful free-radicals.9-11 The MI is measured in water and calculated 

according to the following formula12:

MI = pr, 0.3(zsp)
fawf

where pr,0.3(zsp) refers to peak-rarefactional pressure in MPa attenuated by 0.3 dB/

(cm·MHz) at the axial spatial peak (zsp) or point on the beam axis where the attenuated 

pulse intensity integral is the maximum, and fawf is the acoustic working frequency in MHz. 

Currently, the FDA limit for MI is 1.9, which is based on the maximum acoustic output of 

ultrasound devices on the market before 1976.13 The probability of cavitation increases with 

increasing MI, and it can still occur below this limit.8

Ultrasound is the dominant imaging method used in obstetric care.14,15 On average, a U.S. 

newborn has been scanned 4.6 times while in utero.16 Diagnostic ultrasound is known for 
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being a safe imaging modality, and no adverse bioeffects have been shown in humans at the 

output levels of fetal diagnostic imaging.17 A review of the available epidemiologic evidence 

by Stratmeyer et al.18 does not support a causal relationship between fetal ultrasound 

examinations and adverse nonthermal effects. However, the epidemiological studies that 

this conclusion is based on were performed on commercially available scanners before the 

increase in allowed acoustic output in 1993. The changes implemented in 1993 included 

raising the fetal limits for Spatial Peak Temporal Average Intensity (ISPTA) from 94 

mW/cm2 to 720 mW/cm2.2 A study by Martin19 found that acoustic output has notably 

increased between 1991 and 2010 and worst-case values for peak negative pressure in 

B-mode nearly doubled during that time period. Additionally, animal studies have shown 

that diagnostically-relevant levels of ultrasound exposure can result in impaired memory and 

learning in mice,20 as well as altered gene expression in rats.21 Neither of these studies 

identified the mechanism for the observed effects and it is unclear how these results are 

related to ultrasound scanning of human fetuses, but they suggest that excessive acoustic 

exposure should be avoided.

However, there is diagnostic benefit to using higher levels of acoustic exposure. Greater 

acoustic output can increase signal-to-noise ratio (SNR) and depth of penetration in 

ultrasound images.22 Harmonic imaging generally improves contrast and lateral resolution 

compared to fundamental imaging, but it is more SNR limited.23,24 This may suggest 

that greater acoustic output is needed to create high quality images when using harmonic 

imaging, which has been shown to improve obstetric ultrasound image quality25,26 and is 

commonly used. In our experience at the Duke Fetal Diagnostic Center, nearly all patients 

are scanned using harmonic imaging.

Track 3 of the FDA guidelines for 510k approval of ultrasound systems and transducers 

recognizes both the potential risk for bioeffects of ultrasound as well as the diagnostic 

benefits of increased acoustic output. It applies to devices that follow the Output Display 

Standard (IEC 60601-2-37), which requires that, for both MI and TI, if the ultrasound 

equipment is capable of producing a value of the safety index > 1.0, that index is displayed 

whenever it is 0.4 or greater, so that the ultrasound user can make informed decisions about 

acoustic exposure risks and benefits.4,27 The FDA guidelines2 also suggest an ALARA (As 

Low As Reasonably Achievable) education program for the clinical end-user that includes 

“a recommendation to use and the need to follow the ALARA principle in all studies 

and clinical examples of specific applications of the ALARA principle.” Further, obstetric 

ultrasound guidelines produced by several professional societies recommend that obstetric 

ultrasound only be used when there is a valid medical reason and that users follow the 

principle of ALARA.28-30

Research has shown that, in practice, most physicians and sonographers do not consider 

ALARA when selecting acoustic output settings. One study found that only 3.8% of the 

ultrasound users surveyed could correctly describe the MI.31 In this same study, only 20.8% 

knew that acoustic indices are displayed on the ultrasound monitor.31 Another survey-based 

study32 found that just 10.9% of residents and 22.7% of fellows used these values during 

their examinations, while an eye tracking analysis33 found that the safety indices were 
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viewed in 4.2% of scans. These reports suggest that higher than necessary output exposure 

levels may be routinely being used clinically.

A system that automatically adjusts output based on image quality feedback, thereby 

eliminating the user-dependence of the ALARA principle, has potential to improve image 

quality while increasing patient safety. This would depend on the image quality metric being 

precise and reliable in clinical imaging cases that inevitably include motion, various sources 

of noise, and complex anatomy.

Contrast and Contrast-to-Noise Ratio (CNR) are commonly used to characterize ultrasound 

image quality. Recently, generalized Contrast-to-Noise Ratio (gCNR) was introduced as 

a dynamic-range-independent metric that quantifies how well an ideal observer could 

distinguish two regions.34 However, all of these metrics require two identified homogeneous 

regions, a background region and an echogenic target, and they depend on the inherent 

contrast of the target and the background. To overcome these limitations, we instead propose 

the application of a novel spatial-coherence-derived image quality metric, lag-one coherence 

(LOC),35 to achieve automated ALARA.

In this paper, we assess the viability of an LOC-based automated ALARA method for 

obstetric ultrasound. Building off previous work that evaluated LOC in simulation and in 
vivo liver studies35 and a preliminary fetal study,36 we assess LOC as an image quality 

metric for fetal imaging. LOC is compared to other image quality metrics, and the MI values 

determined by the automated ALARA method are compared within and between subjects.

MATERIALS AND METHODS

A. Ultrasound System

A Verasonics Vantage 256 ultrasound system (Verasonics, Kirkland, WA) and a C5-2v 

transducer were used to collect channel echo data. The Vantage 256 is a research system 

used in a variety of in vitro and preclinical settings, as well as for some clinical research 

under Institutional Review Board (IRB) or ethics committee approval. It allows for direct 

access to raw ultrasound data and provides more flexibility than clinical ultrasound systems.

Pulse-inversion harmonic imaging was used for all acquisitions with a transmit frequency 

of 2.36 MHz, focal depths between 4 and 9 cm, and an F/2.0 transmit configuration. The 

difference of the pulse-inversion data was used for the fundamental analysis. Hydrophone 

measurements were made in a water tank using an Acertara 805 Hydrophone (Acertara, 

Longmont, CO) in accordance with International Electrotechnical Commission (IEC) 

Standards 62127-1 and 62359 to calibrate MI settings and to ensure that the acoustic 

output values were within FDA limits.12,37 The maximum MI of used in this study was 1.2. 

However, due to system output limitations, an MI of 1.2 was not achievable for the deepest 

focus of 9 cm and a maximum MI of 1.06 was used when this focal depth was needed.

B. In Vivo Data Acquisition

Thirty-five volunteers with healthy, singleton pregnancies in their second trimester were 

enrolled in this study in accordance with an approved Duke Health IRB protocol after their 
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regularly scheduled appointments at the Duke University Hospital Fetal Diagnostic Center. 

The Body Mass Index (BMI) values of the subjects, based on pre-pregnancy weights, ranged 

from 17.6 to 48.6 with a median of 24.6 and the ages of the subjects were between 19 and 42 

with a median of 30. Scanning was performed by an expert sonographer with more than 25 

years of experience in fetal sonography. For all acquisitions, the placenta was scanned first, 

then the transducer was angled to image the fetal abdomen without removing it from contact 

with the subject’s body and while attempting to maintain the same acoustic window.

1. Pilot Acquisitions: As shown in figure 1, an ROI that was centered laterally and 

at the axial transmit focus, was 2 cm tall, and had a 4° span was positioned on the fetal 

abdomen or placenta. Then the transmit voltage was rapidly and sequentially varied to 

achieve 16 MI values between 0.15 and 1.20 in 0.23 seconds. Channel data were acquired 

for five image lines that were equally spaced across the ROI and were repeated twice at each 

transmit voltage, allowing calculation of both LOC and temporal correlation. The median 

lag-one coherence (LOC) from within the ROI was extracted for each MI. For all thirty-five 

subjects, three acquisitions focused on the placenta and three focused on the fetal abdomen.

2. Full-Frame Acquisitions: Immediately following the pilot acquisition, full frames 

of channel data with a 50° span were acquired at the same 16 MI values that were used in 

the pilot acquisition followed by 12 frames at a constant MI value of 0.8. This MI value 

was chosen because it is the default setting for the routine second trimester exam using a 

GE Voluson E8 scanner and a C1-5-D transducer. The frames were acquired at a rate of 

14 frames per second. At the deepest focus of 9 cm, only the first 14 of the 16 swept MI 

values were achievable (maximum MI of 1.06) as a result of system output limitations, so 

two additional frames were acquired at the fixed MI of 0.8 for a total of 14 swept MI and 

14 constant MI frames (rather than 16 and 12) and an equivalent total acquisition time of 2 

seconds.

C. Image Quality Measurements

In this study, we evaluate the use of a novel image quality metric known as LOC to achieve 

automated ALARA in fetal scanning. LOC is the average spatial coherence calculated from 

pairs of neighboring (lag one) transducer array elements at each pixel or over a small 

axial kernel. LOC is sensitive to sources of clutter, such as reverberation, aberration, and 

off-axis scattering, and also to thermal noise.38-40 A more comprehensive overview of 

LOC is provided by Long et al.35 In brief, the spatial coherence of ultrasound is derived 

from the van Cittert-Zernike (VCZ) theorem of statistical optics and was applied to pulse-

echo ultrasound by Mallart and Fink.41 Long et al.35 showed that the normalized spatial 

coherence of signals from two receive channels, each defined as the sum of a signal (S) and 

uncorrelated channel noise (N), can be represented by the following formula:

RS + N[m] = 〈(Si + Ni)(Si + m + Ni + m)∗〉
〈 ∣ Si + Ni ∣2 〉〈 ∣ Si + m + Ni + m ∣2 〉

where the two channels are channel i and channel i + m and m represents the lag or 

spatial separation of the channels. Equivalently, the normalized spatial coherence can be 
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represented in terms of the channel signal-to-noise ratio (SNR), or the ratio of the signal 

power to the noise power.

RS + N[m] =
1, m = 0

SNR
1 + SNR RS[m], m ≠ 0

Mallart and Fink derived that the noise-free spatial coherence 

RS[m]
is equal to the autocorrelation of the transmit aperture function.41 In the case of a rectangular 

aperture, this would be a triangle function and 

RS + N[m]
would be a triangle plus a delta function (at m = 0) due to the spatially incoherent noise. 

LOC is the spatial coherence for a lag of one, or 

RS + N[1]
, which reflects the loss in SNR from spatially incoherent sources, such as thermal noise, 

reverberation, and high-frequency aberration.

We compared the in-vivo performance of LOC to commonly used image quality metrics 

such as contrast and Contrast-to-Noise Ratio (CNR), as well as Generalized Contrast-to-

Noise Ratio (gCNR). Contrast42 and CNR43,44 are calculated using the following equations:

Contrast = 20log10
μenv(B)
μenv(T )

CNR = μenv(B) − μenv(T )
σenv

2 (B) + σenv
2 (T )

where μenv refers to the mean of the envelope-detected signal 

in either the background (B) or target (T) region, and 

σenv
2

refers to the variance of the envelope-detected signal in the designated region. In this 

study, the hypoechoic target regions that were evaluated contained amniotic fluid and the 

background regions contained either placenta or fetal abdomen. LOC was compared to 

contrast and CNR by Long et al.35

The Generalized Contrast-to-Noise Ratio (gCNR) is an image quality metric that assesses 

the separability of two regions’ pixel magnitude distributions.34 It is calculated based on the 

following equations:

overlap = ∫ min{pB(x), pT(x)} dx
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gCNR = 1 − overlap

where pB is the distribution of the background region pixels and pT is the distribution of the 

target region pixels.

As opposed to contrast, CNR, and gCNR, LOC can be measured using a single region 

of interest (ROI), which is advantageous in realistic imaging conditions. The complex 

anatomy and motion found in obstetric ultrasound make tracking structures through frames 

challenging and requiring that only one region remain consistent is a more tractable task.

D. Curve Fitting

The image quality metric versus MI data from the swept voltage acquisitions were 

normalized to the maximum value and fit with an asymmetric sigmoid defined by a five-

parameter logistic function.45 In this study, the ALARA MI was defined as the point at 

which the sigmoid fit of the image quality metric reached 98% of its maximum. If the 

metric was never less than 98% of its maximum, the minimum MI used in the sweep was 

considered the ALARA MI. The sigmoid fits were compared based on the ALARA MI 

that they suggest, goodness of fit, and monotonicity. Monotonicity was assessed using the 

Fisher-transformed Spearman’s rank correlation. The LOC, contrast, CNR, and gCNR from 

the constant-MI channel data were assessed for consistency through consecutively acquired 

frames by calculating the coefficient of variation, or the ratio of the standard deviation to 

the mean. For each set of statistical tests, a Bonferroni correction for the three comparisons 

performed (LOC v. contrast, LOC v. CNR, and LOC v. gCNR) was applied to an initial α of 

0.05, yielding a value of 0.017 to be used for comparison.

E. Image Quality Comparison

LOC, contrast, CNR, and gCNR were compared for images made from the full frames 

of channel echo data. ROIs were manually selected on B-Mode images with one region 

(background) in the placenta or fetal abdomen and another region (target) in the amniotic 

fluid. All ROIs had areas between 0.50 and 2.25 cm2 and were located within 2 cm of 

the transmit focus. Acquisitions that did not have consistent soft tissue and amniotic fluid 

regions of at least 0.50 cm2 and within 2 cm of the focus because of the position of the 

structures or excessive motion between frames were excluded from consideration (97 swept 

MI acquisitions and 105 fixed MI acquisitions). After exclusion criteria were applied, there 

remained 113 swept MI acquisitions and 105 fixed MI acquisitions that were included in this 

analysis.

RESULTS

Examples of the asymmetric sigmoid fits used to determine the “optimum” point, 

representing the ALARA output conditions, are presented in figure 2 for a Model ATS 

549 phantom (CIRS, Norfolk, VA) and several in vivo acquisitions. The median LOC within 

one centimeter of the focus was calculated from the pilot acquisition data at each MI, and 
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these results reliably follow a sigmoidal shape. In figure 3, LOC is compared to contrast, 

CNR, and gCNR for several examples of placenta and fetal abdomen acquisitions.

Data like those plotted in figure 3 were fit with an asymmetric sigmoid function that reflects 

the changes in image quality with MI. The metrics tend to increase markedly with increasing 

MI at low MI values, and then approach an asymptote at higher MI values. The ALARA 

MI suggested by these sigmoid fits (the MI at which the image quality metric reaches 98% 

of its maximum) are shown for 113 acquisitions in figure 4. On average, the ALARA MI 

suggested by LOC is 0.17 +/− 0.16 below the ALARA MI suggested by contrast, 0.04 +/− 

0.24 above the ALARA MI suggested by CNR, and 0.23 +/− 0.08 above the ALARA MI 

suggested by gCNR. The means of these differences in ALARA MI values are statistically 

significantly different from zero for contrast and gCNR (p < 0.017), but not for CNR.

The goodness of fit and monotonicity are shown in figures 5 and 6. Figure 5 displays the 

R2 of the sigmoidal fits of the image quality metric versus MI data. The median R2 values 

were 0.999, 0.996, 0.959, and 0.996 for LOC, contrast, CNR, and gCNR, respectively. 

Based on the Wilcoxon signed-rank test, the R2 values for LOC were significantly greater 

than the R2 values from the other metrics (all p < 0.017). Figure 6 shows the Fisher 

z-transformed Spearman’s Rank Correlation Coefficients of the fits as a measure of the 

data’s monotonicity. The monotonicity of LOC was greater than that of contrast, CNR, and 

gCNR in 57%, 79%, and 76% of the 113 acquisitions assessed. The Fisher z-transform 

was used to normalize the correlation coefficients before t-tests were performed.46 Four 

of the 113 data sets were excluded from the t-tests because one of the metrics (LOC 

for two data sets and contrast for two data sets) had a Spearman’s Rank Correlation 

Coefficient of 1, and therefore a Fisher z-transformed value of infinity. The mean difference 

in Fisher-transformed Spearman’s Rank Correlation Coefficients for LOC and contrast was 

not statistically significant. LOC was statistically significantly more monotonic than CNR 

and gCNR (p < 0.017).

The stability of the image quality metrics for in vivo fetal imaging was assessed using the 

coefficient of variation from each constant MI acquisition and these results are shown in 

figure 7. The median coefficients of variation for LOC, contrast, CNR, and gCNR are 1%, 

2%, 4%, and 0.1%. The coefficients of variation for LOC were compared to those of each of 

the other image quality metrics using a Wilcoxon signed-rank test. The mean coefficient of 

variation for LOC was significantly smaller than the coefficients of variation for contrast and 

CNR (both p < 0.017), and the coefficient of variation for LOC was significantly larger than 

the coefficient of variation for gCNR (p < 0.017 ).

Figure 8 shows the ALARA MI values and the LOC values achieved at those MIs 

aggregated for all 210 pilot clinical data sets and the mean and standard deviation of pilot 

phantom data sets. The range of ALARA MIs for the clinical data is 0.35 to 1.03 and 

the range of LOC values is 0.27 to 0.89. No clear relationship was identified between the 

ALARA MI values and the LOC values at which they were reached (r = −0.11), but, in 

general, the fetal abdomen acquisitions had higher ALARA MI values than the placenta 

acquisitions.
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The automated ALARA method was also considered for the fundamental data from the 

clinical pilot acquisitions. Of the 210 data sets, 84% of cases suggested using the lowest 

evaluated MI value (0.15) and 9% failed, either because the fit of the logistic function failed 

or the resulting fit decreased. These results indicate that, at least for the patients and imaging 

techniques studied, fetal acoustic exposure can be kept extraordinarily low for fundamental 

imaging without sacrificing image quality. Different ranges of MI values would need to be 

considered to compare fundamental and harmonic configurations in future work, since a 

limitation of this study is 0.15 was the minimum MI used. In this analysis, only harmonic 

data will be considered going forward.

Figure 9 shows example frames from a single fetal abdomen acquisition. The frames shown 

correspond to MI values of 0.15, 0.36, 0.64, and 1.2. The mean and variance of each frame’s 

log-compressed image data were matched.47 Decreased clutter is visible in the amniotic 

fluid to the left of the fetal abdomen in the second and third frames, but not in the fourth 

frame. This corroborates the ALARA MI of 0.65 indicated by LOC for this acquisition.

Though the pilot acquisitions in this study were acquired with a fixed ROI position aligned 

with the target tissue by the sonographer, LOC creates stable measurements of image quality 

for soft tissue throughout an image. Figure 10 shows an example of a placenta acquisition 

and a fetal abdomen acquisition with the corresponding ALARA MI and LOC images 

from 0.5cm x 0.5cm regions across the full-frame acquisitions. For each region, the LOC 

from every image frame in the sweep was used to calculate the ALARA MI. Regions 

were excluded from the figure if the asymmetric sigmoid fit failed (using the MATLAB fit 

function), the resulting sigmoid function was not monotonically increasing, the R2 of the fit 

was less than 0.95, or the asymptotic LOC value was in the lowest quartile of the regions in 

that data set.

Notable differences in ALARA MI appear in areas with a lot of shadowing such as in the 

placenta below the fetal spine image in figure 10 (lower), indicating that it may not be a 

good region for optimization. The heart is excluded from the ALARA MI and LOC images 

because motion leads to poor stability across frames and fluid regions often generate low 

LOC and R2 values. The number of image lines contained within each 0.5cm x 0.5cm region 

varies depending on depth, but for 4-14 cm, the number of image lines is between 3 and 7 

with shallower regions more densely packed with image lines.

As shown in figure 11, there was considerable variability in the calculated ALARA MI 

between subjects and sometimes within subjects. Some subjects, like Subject 33, had 

almost the same ALARA MIs for all placenta and fetal abdomen acquisitions, while others, 

like Subject 26, had a large difference between placenta acquisitions and fetal abdomen 

acquisitions, but small within-group variability. The smallest standard deviation of ALARA 

MI values was 0.007 for Subject 27’s fetal abdomen acquisitions, while Subject 15 had a 

standard deviation of 0.2 for these acquisitions.

Figure 12 shows the ALARA MI values from the LOC versus MI sweeps for ten 

representative subjects. For each subject, there are three data sets that focus on the placenta 

and three that focus on the fetal abdomen. Images were acquired as placenta, fetal abdomen 
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pairs with the transducer left in place after the placenta acquisition and tilted as needed 

to capture images of the fetal abdomen. The ALARA MIs from these paired acquisitions 

are connected with a black line. On average, across all thirty-five subjects, the ALARA 

MI for the matched fetal abdomen acquisition is 0.13 ± 0.13 greater than for the placenta 

acquisition. Even when we compare placenta and fetal abdomen acquisitions with the same 

focal depths, the ALARA MI for the fetal abdomen acquisitions tend to be greater.

The ALARA MI values and the LOC values reached at the ALARA MI are shown as 

functions of the patients’ pre-pregnancy BMIs in figure 13. Patient BMI is not a strong 

predictor of the ALARA MI for that scan, but BMI is more closely correlated with the image 

quality achieved. The correlation coefficients for the ALARA MI and LOC data as functions 

of BMI are −0.18 and −0.64, respectively.

DISCUSSION

These results suggest that LOC reflects the increase in fetal ultrasound image quality with 

increasing MI much like the other image metrics of contrast, CNR, and gCNR. As shown in 

the examples in figure 3, it often does so in a more stable and reliable way. An automated 

ALARA implementation based on LOC could help improve adherence to ultrasound safety 

guidelines and reduce unnecessary risks. Additionally, this technique could improve image 

quality and decrease the burden on sonographers.

Published studies have shown that a significant number of patients have inadequate image 

quality, leading to misdiagnoses or an inability to diagnose.48-50 This problem is exacerbated 

in overweight and obese patients and, in many circumstances, by inappropriate scanner 

settings or transducer selection.51 By monitoring image quality in real time, this technique 

would allow for increases in acoustic output when it might be diagnostically beneficial.

The ALARA MI values determined in this study were compared to the default second 

trimester exam MI of a clinical scanner (GE Voluson E8 with a C1-5-D transducer), which 

was 0.8. Compared to the ALARA MI values rounded to the nearest tenth, the default 

MI of 0.8 would represent more acoustic exposure than necessary for 80% of our pilot 

acquisitions and sub-optimal image quality for 4%. Based on research showing that the vast 

majority of ultrasound users do not know what MI is or use it during examinations,31-33,52 

real-time, automatic updates of the acoustic output could help with the safety and quality 

of obstetric ultrasound examinations. In this study, MI was used as a measure of ultrasonic 

exposure, but other safety metrics, such as the Thermal Index (TI), could similarly be 

used with LOC measurements to calibrate the ultrasound system output. MI was used for 

the initial implementation because it is the more straightforward of the displayed safety 

indices to characterize and is a standardized way to compare transmit pressures across 

different ultrasound imaging platforms. It is not dependent on the pulse repetition frequency, 

so, unlike TI and ISPTA, it is the same when an imaging configuration is used for the 

non-scanning pilot pulses as it is for the slower frames of live scanning that follow. This 

adaptive imaging technique could also be extended to adjust other parameters, like transmit 

frequency, in response to image quality feedback.
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The images in this study were from 35 subjects with a range of image quality (LOC 

of 0.27-0.89) and ALARA MI values (0.35-1.03). As seen in figure 8, there was not a 

strong correlation between the asymptotic LOC values and the ALARA MI values, which 

indicates that the amount of acoustic clutter does not predict the ALARA MI for that view. 

Additionally, as seen in figure 13, there is not a strong correlation between patient BMI and 

ALARA MI values.

For all of the 210 pilot acquisitions, the LOC v. MI data were successfully fit with an 

asymmetric sigmoid curve and an ALARA MI value was determined. For the full-frame 

acquisitions, 54% of data sets collected at swept MI values were analyzed. This significant 

decrease in yield for the full-frame acquisitions was due to the lower frame rate (14 frames 

per second compared to 70 for the pilot acquisition) and the need for a second region of 

interest for the comparison image quality metrics (contrast, CNR, and gCNR). The full 

frames represent our attempt to validate the method, not a component of the proposed 

system.

As shown in figure 4, the ALARA MI values suggested by LOC are generally lower than 

the ALARA MI suggested by contrast and higher than the ALARA MI values suggested by 

gCNR. It is not clear what metric best matches user experience. Future studies involving 

expert evaluation of images will be needed to elucidate this. The ALARA MI values 

suggested by LOC are most strongly correlated with the ALARA MI values suggested 

by gCNR. The weaker correlation with contrast and CNR could be due to their sensitivity 

to native contrast changes and the changes in ROI alignment during these relatively slow 

full-frame acquisitions. A limitation of the image quality metric comparison performed in 

this study is that regions of amniotic fluid and fetal or placental tissue were manually 

selected by a researcher. We do not believe that the region selection was biased, but that 

possibility exists and would affect the results from the full-frame acquisitions.

Many challenges remain in the real-time implementation of this method for imaging 

heterogeneous, moving fetal structures on a diagnostic scanner. Automatic gain or brightness 

compensation would need to be applied after each ALARA optimization and, before 

wide-spread implementation, the method would need to be fast enough to allow for 

frequent parameter adjustment so as to be functionally invisible to the sonographer. It is 

theoretically possible to implement this method, including collecting data at multiple MI 

values, calculating the ALARA MI, and switching to it, so that the automated ALARA 

process takes less than a tenth of a second. In addition to the impact on the ultrasound user, 

the speed of the automated ALARA implementation affects how well it achieves ALARA. 

As noted by a recent American Institute of Ultrasound in Medicine (AIUM) technical 

bulletin, time is an important component of acoustic exposure that is not captured by the 

output display metrics.7 Further, to avoid transmit voltage being set inappropriately high by 

the system, perhaps because of poor ROI selection, motion between frames, or some other 

factor, a conservative upper limit for MI could be set, as is currently done by ultrasound 

manufacturers to ensure that the MI used falls within FDA limits even though there 

are uncertainties in the acoustic output measurements and variability in manufacturing.19 

Additionally, the automated system could evaluate the quality of the optimization. For 

example, it could ensure that the sigmoid fit has a high enough R2 before changing transmit 
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voltages and if the voltage sweep suggests a new MI that is a substantial change from 

the previous setting, the optimization could be repeated. Finally, to be clinically relevant, 

this method must be translated to modern diagnostic scanners utilizing synthetic aperture 

beamforming and various Doppler modes.

As demonstrated by figures 11 and 12, though the ALARA MI determined from imaging the 

placenta sometimes aligns well with the ALARA MI determined from the fetal abdomen, it 

does not do so reliably enough to consider the placenta a good surrogate optimization target. 

We found that the fetal abdomen acquisitions generally had higher ALARA MI values than 

the placenta acquisitions. It is not clear what causes this difference, but it could be related to 

the greater heterogeneity of the fetal abdomen tissue. Some intrinsic variability is expected 

in the ALARA MI as a function of the tissue’s brightness, uniformity, and attenuation. This 

suggests that ALARA calibration should be performed often and on the structure that is 

being imaged, which further emphasizes the need for a fast implementation. Future work 

will address how to automatically determine where to send pilot pulses, rather than using 

a fixed ROI in the center of the image as was done in this study. Additionally, it may be 

possible to use less data without significant impact on the efficacy of the automated ALARA 

system. Based on images like the ones shown in figure 10, even small regions appear to be 

viable optimization targets. Sparser sampling of the data could be achieved both with regard 

to the number of frames (MI values) and the number of lines per frame used to compute 

the LOC. Even in this initial implementation, pilot data sweeping through 16 voltages were 

acquired in 0.23 seconds, including two repeats of each imaging line. With no repeats and 

fewer voltages, the data acquisition could be less than one-tenth of a second. Assuming 

manufacturer’s software and hardware are compatible, a fast GPU-based implementation of 

LOC calculations53 could allow this optimization to occur multiple times per minute without 

interrupting the clinical workflow. Future studies will further explore how to balance the 

benefits from frequent updates and the cost to frame rate.

In summary, we found that LOC can be used to determine an ALARA MI for ultrasound 

imaging for a particular patient and imaging window. LOC is well-suited to this task because 

it follows similar trends to contrast, CNR, and gCNR, but only requires one region of 

interest. LOC has less variability in vivo than CNR and contrast. LOC has a coefficient 

of variation that is close to that of gCNR, which is derived from two user-traced ROIs. 

Additionally, the ALARA MI values suggested by LOC and gCNR are well correlated. 

Updating the transmit voltage of ultrasound machines with real-time image quality feedback 

from LOC could automate the ALARA principle for obstetric ultrasound and remove some 

of the user-dependence of ultrasound safety.
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Figure 1. 
Placenta image from a 24-year-old woman in her second trimester of pregnancy with pilot 

acquisition ROI displayed. The ROI is 2 cm tall and has a 4° span. The full frame has a span 

of 50°.
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Figure 2. 
Example plots of LOC v. MI for a phantom acquisition and three examples each of placenta 

and fetal abdomen pilot acquisitions.
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Figure 3. 
Example matched plots of normalized image quality metrics (LOC, contrast, CNR, and 

gCNR). The plots in the top row are from placenta acquisitions and the ones in the bottom 

row are from fetal abdomen acquisitions.
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Figure 4. 
Comparison of the ALARA MI value suggested by LOC compared to the other image 

quality metrics (contrast, CNR, and gCNR). Data points above the diagonal line represent 

cases that LOC suggests a higher MI value than the other metric.
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Figure 5. 
R2 of the sigmoid fits for image quality metric v. MI data. The boxplots were generated from 

113 acquisitions. The R2 of the LOC fits are statistically significantly greater than the R2 of 

the other image quality metric fits.
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Figure 6. 
The monotonicity of the image quality metrics as demonstrated by Fisher z-transformed 

Spearman’s Rank Correlation Coefficients. LOC was statistically significantly more 

monotonic than CNR and gCNR. The difference between LOC and contrast was not 

statistically significant.
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Figure 7. 
Coefficient of variation for LOC, contrast, CNR, and gCNR of constant-MI data. The 

boxplots were generated from 105 acquisitions. LOC has a significantly smaller coefficient 

of variation than contrast and CNR and a significantly larger coefficient of variation than 

gCNR.
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Figure 8. 
Comparison of ALARA MI and the corresponding LOC value calculated from the pilot 

acquisition for all 210 image sets and the mean and standard deviation of six phantom 

acquisitions (one at each focal depth, 4-9cm). A reference MI value of 0.8 is marked with a 

dashed line.
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Figure 9. 
Example images from a transverse fetal abdomen acquisition (27-year-old patient). 

Histogram matched images are shown on a 70dB dynamic range. The ALARA MI of this 

acquisition as indicated by LOC is 0.65.
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Figure 10. 
Upper: Placenta image from a 32-year-old woman in her second trimester of pregnancy, 

Lower: Fetal abdomen with placenta below from a 34-year-old woman in her second 

trimester of pregnancy. Two examples of a harmonic B-Mode image (left), the 

corresponding images of ALARA MI values calculated from full-frame acquisitions for 

0.5x0.5cm ROIs (center), and the LOCs achieved in each region (right). The ALARA MIs 

were calculated by fitting sigmoid curves to the LOC values within each ROI through 16 

consecutive frames collected at varying MIs. ROIs were excluded if the LOC v. MI curve fit 

failed or did not produce a monotonically increasing function, the R2 of the fit was less than 

0.95, or the asymptotic LOC value was in the lowest quartile.
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Figure 11. 
ALARA MI values for placenta and fetal abdomen pilot acquisitions for each subject and 

phantom acquisitions. Six phantom data sets were used to calculated the mean and standard 

deviation ALARA MI values. For the clinical acquisitions, mean and standard deviation 

error bars are shown for three acquisitions each. The global mean ALARA MI values for 

placenta acquisitions and fetal abdomen acquisitions are shown as dotted lines.
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Figure 12. 
ALARA MI values from placenta and fetal abdomen acquisitions from ten subjects that 

show a range of ALARA MI values. The lines connecting the placenta acquisitions to the 

fetal abdomen acquisitions indicate that they came from approximately the same imaging 

window.
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Figure 13. 
ALARA MI values (upper) and the LOC values reached (lower) as a function of pre-

pregnancy BMI. The values are shown for images of the placenta and fetal abdomen as the 

mean across three acquisitions each with standard deviation error bars. A single linear fit 

was applied to placenta and fetal abdomen data sets.
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