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Highlights
There are eight lungultrasound(LUS) image patterns can be ovserved in neonates right after birth. Four low-risk patterns have high value to predict healthy infants, but four high-risk patterns is not specific enough to discover patients with lung diseases. 
The positions of high-risk patterns is related to its predictive value.
LUS patterns are nearly consistent during 6 hours right after birth.
Clinical signs are significantly related to high-risk patterns, so it’s useful to perform LUS screening when these signs appear on neonates.

Ultrasound image patterns right after birth can predict healthy neonates – a nested case-control study

Abstract

Purpose To distinguish healthy infants from potential lung disease patients immediately after birth using lung ultrasound (LUS).
Design, Setting and Patients This is a nested case-control study containing 22 lung disease patients and 473 healthy infants from a total of 504 consecutive infants. The infants were admitted to the Obstetrics & Gynecology Hospital of Fudan University, Shanghai, China, from 1 January 2020 to 1 April 2020. A newly designed scanning protocol was used to capture LUS images. The sensitivity, specificity, PPV and NPV for predicting healthy infants and patients were calculated individually. The transition process image patterns and their variations are shown. The relationship between clinical signs and high-risk image patterns was calculated by Kendall's tau-b test.
Measurements and main results LUS images were captured, and their predictive value was calculated. Four low-risk patterns could typically be seen only in healthy infants (specificity=86.4%, PPV=99.0%), whereas four high-risk patterns could be seen in both healthy infants and patients (specificity=62.4%, PPV=9.6%). High-risk patterns were more likely to be pathological signs when appearing at the oxter and lower back and physiological signs when appearing at the prothorax. These high-risk patterns are significantly related to clinical signs. All these patterns are consistent during the first 6 hours after birth.
Conclusions LUS is a valid modality for differentiating healthy infants from potential patients with mild respiratory difficulty. Four low-risk patterns had high value in predicting healthy infants, but four high-risk patterns were not specific enough to discover lung disease patients.
Keywords lungultrasound; neonatal; transition; lung diseases; image patterns
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LUS: lung ultrasound; RDS: respiratory distress;

TTN: transient tachypnea of newborn; NICU: the neonatal intensive care unit;
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TcSO2: transcutaneous oxygen saturation; DB:distributed B-line

MAS: meconium aspiration syndrome; MSAF: meconium-stained amniotic fluid;

PROM: premature rupture of fetal membranes; SD: standard deviation
LR: likelihood ratio; PPV: positive predictive value; 

NPV: negative predictive value
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Introduction

 
A neonates’ lung transition from intrauterine to extrauterine, the process of fluid clearance and alveolar inflation at the early stage after birth, is complicated, and its impairment has been related to pulmonary diseases such as neonate respiratory distress (RDS) and transient tachypnea of newborn (TTN)[1-3]. Therefore, it is sometimes difficult to distinguish healthy infants with those with lung diseases since they can both present with nonspecific symptoms such as short apnea, mild anhelation, and transient cyanosis. Lung ultrasound (LUS) is widely used in neonate intensive care units (NICUs) worldwide and is a valid modality for the diagnosis of some neonate lung diseases[4-6]. However, with regard to the early stage after birth (defined as 6 hours in our research), it is still difficult to differentiate pathological and physiological LUS image patterns before the infants develop severe breath difficulty. This is because of the complexity of the transition process, which means that the ultrasound echo derived from the dry/wet ratio or inflated/uninflated alveolus ratio in the lung is also complicated[7] compared to that of older children or adults. To address this problem, we conducted a nested case-control study containing 22 lung disease patients and 473 healthy infants to observe transition process image patterns to confirm physiological and possible pathological signs and to evaluate the predictive value of these patterns.

Method

Study objectives and design This is a nested case-control study that comprised 495 neonates admitted to the NICU of the Obstetrics & Gynecology Hospital of Fudan University, Shanghai, China, from 1 January 2020 to 1 April 2020. The case group contained 22 patients with lung diseases (including TTN, RDS, congenital pneumonia, and pneumothorax). The control group included 473 healthy infants, which means they did not develop any respiratory diseases after a 6-hour observation and a 3-day follow-up. The ultrasound images were collected with a newly designed scanning protocol at a predetermined time (0.5 hours, 1 hour, 2 hours, or 4 hours after birth).
Scanning protocol Lung ultrasound was routinely performed at bedside using a Sparq Ultrasound System (Philips Healthcare, Andover, MA) equipped with a 3–13 MHz linear array transducer and concurrently reported using a reporting template within the ICU electronic patient record. To acquire a constant (between different inspectors and different inspections) and comprehensive description of the neonates’ lungs (not any particular region but nearly every region of the lung), a new scanning protocol was designed. We improved the conventional scanning protocol[8] in which the probe scans continually over 6 lung regions to a new protocol in which the probe scans at 20 predetermined points (Figure S1).

Defining RDS, TTN, congenital pneumonia,pneumothorax and healthy infants

RDS was defined in two ways: using a combination of chest radiography (Berlin-CXR)[9] and the PS application threshold recommended by the European Consensus Guidelines[10]. The Berlin CXR standards required the presence of bilateral radiographic opacities (also called “ground glass with air bronchograms”) not fully explained by pleural effusions, lobar/lung collapse, or nodules.

TTN is a clinical diagnosis and is supported by findings from chest radiographs, such as increased lung volumes with flat diaphragms, mild cardiomegaly and prominent vascular markings in a sunburst pattern originating at the hilum[11].
Congenital pneumonia was diagnosed based on comprehensive evidence[12] from complete blood counts, C-reactive proteins, cultures for main types of pathogens (listed in the reference), as well as findings on CXR including hyperinflation and diffuse bilateral infiltrates.

PTX was mainly confirmed by clinical features, LUS, and closed thoracic drainage. LUS, which is believed to have higher sensitivity than CRX[13,14], was performed on infants who had suddenly aggravated respiratory symptoms or signs (grunting, flaring of nostrils, and intercostal retraction). Diagnosis criteria included a stratosphere sign, abolished lung sliding or lung pulsing, the absence of B-lines, and the presence of lung points.

To acquire the X-ray evidence mentioned above, suspected patients were routinely inspected by a technician, and the conclusions were drawn by a junior doctor and verified by a senior doctor from the radiology department.
Clinical information and reference standard results were both available to the performers of the LUS and the CXR when making the diagnoses.
Healthy infants: After excluding the diseases mentioned above, infants without any symptoms or signs (or temporary symptoms and disappearing signs) were regarded as healthy and confirmed on 3-day follow-up.

Statistical analysis

We report the data as frequencies or percentages for categorical variables and as the means and standard deviations or medians and interquartile ranges for continuous variables, according to distribution. Differences between the groups were compared by the chi-squared or Fisher’s exact test for categorical variables and Student’s t-test or Mann-Whitney U test for continuous variables, depending on the distribution. Correlations were calculated by Kendall's tau-b test, “respiratory rate”, “low TcSO2”, “need for O2”, and “numerous B-lines or consolidation” was regarded as categorical variables. Sensitivity, specificity, LR, PPV and NPV were calculated to evaluate the predictive value of LUS patterns. A nominal 2-sided probability value < 0.05 was considered to indicate statistical significance. All of the calculations were performed using SPSS 23.0 (SPSS Inc. Chicago, IL).
 This study was approved by the ethics committee of Obstetrics and Gynecology Hospital of Fudan University (No. Kyy-2020-162). Informed consent was obtained from the parents of the babies for using the images and data for analysis.

Result

Participants and LUS images
During the 4-month study period, out of 504 NICU admissions, 495 infants were analyzed, as we could not obtain complete and qualified data or ultrasound images for the remaining 9 (Fig. 1). According to the CXR evidence and clinical features, 4 patients had RDS; 7 infants were diagnosed with congenital pneumonia (3 infected by Escherichia coli; 2 infected by mycoplasma; 2 were not pathogen-positive but recovered after application of antibiotics); and 8 infants were diagnosed with TTN or mild RDS (since they are difficult to differentiate). Three PTX infants were confirmed by CXR and closed thoracic drainage. Finally, 473 infants were confirmed to be healthy. Regarding baseline characteristics, healthy infants contained more males (246, 52.0% vs 6, 27.3%, p=0.02), whereas the patient group had a higher proportion of preterm births (29, 6.1% vs 9, 45.5%, p<0.00). In addition, the patient group had relatively more LBW infants (11, 13.6% vs 3, 2.3%, p=0.02). There was no significant difference between the two groups in terms of maternal age, gestational age, rate of meconium-stained amniotic fluid (MSAF), or premature rupture of fetal membrane (PROM).

Four low-risk image patterns and four high-risk patterns
There were 8 types of image patterns that can be observed in all infants (Fig 2, Table 2a). The pure existence (without any high-risk patterns) of the four low-risk patterns (pure A-lines, a small amount of DBs (distributed B-lines), a moderate amount of DBs, and a large amount of DBs) could only be seen primarily in healthy infants (specificity=86.4%, PPV=99.0%). However, the high-risk patterns (compact B-lines, dense B-lines, irregular consolidation with DBs, and mild consolidation with air bronchograms) could be seen in both healthy infants and patients (specificity=62.4%, PPV=9.6%; Table 2b). In addition, we found that when 3 patterns (compact B-line, dense B-lines, and mild consolidation with air bronchograms) appeared in the lower back (positions 12, 14 and 18, and 20) of a baby, they were highly likely signs of RDS or TTN (12/12, Table S1). In contrast, when these 3 patterns were detected only in the lower or upper part of the prothorax, they were likely to be normal signs.

LUS image patterns of transition in healthy infants at early stages after birth

All images had similar patterns at different times (0.5 h, 1 h, 2 h, 4 h, and 6 h after birth) (p>0.05 for each type of image between groups, Mann-Whitney U test), except for the patterns at 6 hours (Fig 3). Although it appeared that the 1-hour and 2-hour patterns showed more instances of “small amount of DBs” than the 6-hour patterns, there was no significant difference (p>0.05, Mann-Whitney U test). However, “irregular consolidation with DBs” appeared more frequently at the 6th hour than at the 4th hour (p=0.045, Mann-Whitney U test). High-risk patterns and low-risk patterns were not significantly different except at 0.5 hours compared with 4 hours. (6 h vs 0.5 h, p=0.51; 4 h vs 0.5 h, p=0.042, Mann-Whitney U test).

Respiratory symptoms are related to many B-lines and consolidation

Patterns with many B-lines and consolidation included “large amounts of DBs”, “dense B-lines”, “compact B-lines”, “irregular consolidation with DBs” and “consolidation with air bronchograms”. These patterns were significantly related to respiratory rate, low transcutaneous oxygen saturation, and the need for temporary hood-oxygen support (p<0.05 for all, correlation coefficients 0.65, 0.79, and 0.77, respectively; Table S2).

Discussion

Findings and interpretation: This study has three clinically relevant findings. (1) The typical pathological patterns reported previously (“large amount of B-lines”, “compact B lines”, “dense B-lines”, “irregular consolidation with DBs”, and “mild consolidation with air bronchograms”) may also manifest in healthy neonates at the early stage (6 hours). This may be because the alveolus continues to inflate gradually during the intrauterine to extrauterine transition. This gradual process leads to some alveoli remaining uninflated and full of fluid, from which the “compact B line” and “consolidation” signs originate[15,16]. For the fluid clearance time, it seems that it takes much more than 6 hours, as the LUS image patterns were nearly constant during this period. However, our results show that high-risk patterns and low-risk patterns had a significant difference between 0.5 hours and 4 hours (p=0.042, Mann-Whitney U test). This may be a result of participant selection bias because the infants we enrolled at 4 hours had temporary breathing difficulty, leading to prolonged monitoring time. However, generally, this bias did not influence the predictive value of these patterns. (2) The existence of only the four low-risk LUS patterns (“purely A-lines”, small amount of B-lines”, “moderate amount of B-lines”, and “large amount of B-lines”) can be regarded as strong evidence of healthy lungs. The high-risk patterns indicated potential lung diseases according to their position. Nevertheless, why the pattern positions influenced its predictive value remains unclear. (3) Clinical signs (respiratory rate, low transcutaneous oxygen saturation, need for temporary hood-oxygen support) were related well to LUS appearance. This is further evidence that the alveolus needs a few hours to gradually inflate during the intrauterine to extrauterine transition so that the respiratory function of the lung can be complete.

Comparison with other studies: The lung passes through three distinct phases as it transitions from a liquid-filled organ with low blood flow into the sole organ of oxygen exchange after birth[17]. Thus, LUS image patterns are dynamic and complex at this stage, different from those in adults or neonates at later days after birth. A study described the aeration and fluid clearance of neonate lungs during the first 10 min to 24 hours of life[18]. Their results showed that patterns of “coalescence of B-lines” (similar to pattern D, E or F), “sharp pleural line with B-lines”, and “sharp pleural line only A-lines” normally exist in the neonatal lung. What is different and new in our study is that consolidation (G and H) can also be found in infants confirmed to be healthy later. This may come from our new scanning protocol, which detects signals from the upper back (positions 11, 13 and 17, 19) where these “normal consolidation” patterns often exists. Combined with “consolidation” often being regarded as a sign of pneumonia[19], our findings suggest the need to monitor for longer periods and obtain harder evidence of pneumonia to prevent overdiagnosis. This also suggests that when neonates’ lungs undergo a pathological transition process, the alveolus remains uninflated, a condition from which consolidation is considered to originate[20].
The full hyperechoic image of the lung fields or “white lung” (corresponding to pattern E or F in Fig 2) indicated a failure of infants to adapt and can be a predictor of the need for respiratory support (sensitivity 77.7%, specificity 100%)[21]. However, in our study, this pattern was also seen in a large proportion of healthy infants (178/473, Table 2). This difference originated from our more detailed scanning protocol, which paid attention to the upper back of each infant (most “consolidations” are normal signs at the upper back, whereas most are pathological when at the upper part of the prothorax).

Brat and colleagues proposed a scoring system to forecast the need for respiratory treatment, including oxygen, surfactant, and continuous positive airway pressure[22]. Their system has a high NPV but a low PPV (93 vs. 20). This led to the same conclusion as ours that LUS can predict healthy infants more effectively than it can lung diseases. However, to ensure a high consistency between different inspectors, we think it is essential to perform LUS at each predetermined point we indicated in the study. In case of an emergency, scanning need only be performed at essential positions, such as the oxter and lower back, to decrease the scanning time.

Strengths and Limitations of our study: To our knowledge, this is the first study concerned with the relation between scanning positions and different LUS image patterns. To shed light on this problem, we improved the current scanning method to capture images at 20 predetermined points on the chest wall. With this detailed protocol, we found that “consolidation” may be a physiological sign at upper back positions. Additionally, we found that a “dense B-line” or “compact B-line” does not always indicate TTN or RDS when they appear only at the upper and lower prothorax. In addition, following the scanning protocol in order from position 1 to 20 (figure S1), an LUS examination can be accomplished in approximately only 6 min and for 3 positions (supine position, left lateral position, and right position). Hence, our research found that, accompanied by radio-free ultrasound, LUS can be a quick and safe screening method for every infant with any respiratory difficulty after birth. Another advantage is the nested case-control design of the study. As some lung diseases are commonly diagnosed after 6 hours (for example, congenital pneumonia, relying on X-ray and pathogen culture for a diagnosis), it is difficult to confirm healthy infants with some temporary breathing difficulty. To solve this problem, we collected LUS images from all participants but did not analyze them until all patients were diagnosed.

Nevertheless, there are some limitations in our study. Most important is the bias in the specificity, sensitivity, PPV, and NPV. As we enrolled neonates born in our hospital (an advanced obstetrics and gynecology hospital in China) consecutively, the patients were only a small proportion of all infants delivered in our hospital, which may have increased the bias. To address this problem, we are conducting further research enrolling in more patients. In addition, when studying the relationship between clinical signs and LUS image patterns, we used respiratory rate (RR) as an indicator, which may be deemed unstable and unreliable. However, on the one hand, we limited the bias as much as possible by having a specialized clinician determine the RR and recording an average of 3 minutes of data while the infants were calm. On the other hand, although the RR is not very accurate, it is simple and convenient to obtain and still widely used as an initial assessment for neonates. Therefore, it is valuable to study this indicator.
Conclusion: During the intrauterine to extrauterine transition process, 8 LUS image patterns may be present in neonates. Four low-risk patterns have high value in predicting healthy infants, but four high-risk patterns are not specific enough to identify potential patients with lung disease. This criterion is valid for the 6-hour postbirth stage. Therefore, LUS is a valid modality for differentiating healthy infants from potential patients with mild respiratory difficulty, which means that we can improve bed turnover and pay more attention to those with a high risk of lung disease.
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