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Introduction: The reference interval for pulse oxygen saturation (SpO2) in neonates born at high altitudes has not been defined to date. The purpose of this study was to systematically review published studies and determine the reference interval of SpO2 in neonates at different altitudes.

Methods: Databases of PubMed, Embase, Cochrane Library, Clinicaltrials.Gov, Chinese National Knowledge Infrastructure Database, Wanfang Database, Chinese Science Technology Journals Database, and Chinese Clinical Trial Registry were searched for studies reporting SpO2 in healthy neonates at different altitudes. Retrieval time was from inception of the database to August 16, 2021. The Agency for Healthcare Research and Quality checklist was used to evaluate the quality of studies. Python v3.8 was used to analyze the data. This systematic review was drafted in accordance with the guidelines of the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement.

Results: Seven cross-sectional studies, published between 1991 and 2020, were identified. They were from US, Mexico, Israel, Ecuador, and China. Three studies were rated as high quality and four as moderate quality. The mean SpO2 (with standard deviation or standard error) of neonates born in 40 different altitudes (ranging from 25 meters to 3,100 meters) were obtained. The prediction equation for calculation of the lower limit of the reference interval was established, and the reference intervals for SpO2 at different altitudes were determined.

Conclusions: In healthy neonates, the lower limit of the reference interval of SpO2 decreases with increase in altitude. High-quality prospective studies are need to confirm our findings.
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INTRODUCTION

Knowledge of the reference interval of pulse oxygen saturation (SpO2) in neonates is crucial for accurate identification of neonatal hypoxemia (1). At sea level and adjacent altitudes, 2.5% of neonates have SpO2 below 95%, and so this value is used as the cutoff for identifying hypoxemia at these altitudes (2). Establishment of such reference values is important for standardized clinical management (3). However, at present, there is no recommended reference interval for SpO2 in high altitude areas. The standard recommended for the plains is not applicable because atmospheric pressure and partial pressure of oxygen decrease as altitude increases and will therefore cause decrease in SpO2 (4). Guo et al. (5) suggested that the value corresponding to the 2.5th percentile of the SpO2 distribution range in healthy neonates born at different altitudes be used as the cutoff value. Unfortunately, there are not many studies on the SpO2 distribution range in healthy neonates born at different altitudes, especially during the period from 24 h after birth to discharge, which is defined as the stable period after birth. No systematic reviews of published studies have been performed.

The purpose of this study was to review the published data and establish the reference interval for SpO2 in the stable period of healthy neonates at different altitudes. The findings of this study will allow evidence-based medical decision making in high altitude areas.



METHODS

This systematic review of all studies on SpO2 in healthy neonates at different altitudes during the stable period was reported according to Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (6).


Data Sources and Literature Search

To identify articles on SpO2 in neonates in the stable period after birth, we performed a literature search of the databases of PubMed, Embase, Cochrane Library, Clinicaltrials.Gov, Chinese National Knowledge Infrastructure Database (CNKI), Wanfang Database, Chinese Science Technology Journals Database (VIP), and Chinese Clinical Trial Registry (ChiCTR). Papers in any language, published from inception of the database to August 16, 2021, were eligible for consideration. The search terms were “altitude,” “neonate,” and “oximetry,” in combination with Medical Subject Headings (MeSH) terms and other equivalent terms; logical symbols, wildcards, and range operators were used to compile search formulas. The search strategy used in PubMed is described in online Supplementary Material 1.



Inclusion and Exclusion Criteria

Articles were eligible for inclusion in this review if (1) the study participants were healthy asymptomatic neonates born at a specified altitude; (2) a pulseoximetry (POX) was used to measure SpO2 on the right hand (pre-ductal) and/or either foot (post-ductal); (3) measurement was made during the stable period, i.e., 24 h after birth to before discharge; and (4) measurement was made while the neonate was inhaling room air (i.e., no oxygen supplementation). Studies were excluded if (1) they did not mention the measurement site (pre-ductal or post-ductal); (2) measurement was made within 24 h of birth; (3) data could not be extracted; (4) gestational age was <34 weeks; or (5) altitude was not specified.



Data Collection and Extraction

Two researchers independently conducted the literature search and extracted and cross-checked the data. Disagreements were settled by discussion and, if necessary, by consultation with the third researcher. Duplicate articles were first eliminated. Then, the researchers read the titles and abstracts of all articles and discarded obviously irrelevant papers. Finally, the full text of the remaining papers were read, and studies that satisfied all eligibility criteria were selected.

The following data were extracted from the selected articles: (1) basic information regarding the study, i.e., name of first author, publication date, study period, study location and altitude, sample size; (2) baseline characteristics of the study participants and the methods used, i.e., gestational age, POX type, measurement site (hand, foot), time of measurement, resting state at the time of measurement, and summary statistics. If multiple SpO2 measurements had been made during the stable period, only the values recorded closest to the time of birth was extracted. Similarly, if measurements had been made during different neonatal resting states (e.g., awake but quiet, light sleep, deep sleep, and so on), only the values recorded in the awake but quiet state was extracted.



Quality Assessment

Study quality was assessed using the checklist of the Agency for Healthcare Research and Quality (AHRQ) (7). This checklist comprises 11 questions that assess different aspects of the study such as definition of information sources, inclusion and exclusion criteria, the time period and continuity of identifying patients, blinding of personnel, quality assurance, confounding and missing data, patient response rates and completeness of response. The response to each question may be “yes,” “no,” or “unclear.” A score of 1 point is assigned for “yes” and 0 points for “no” or “unclear.” Thus, the total score can range from 0 to 11, with 8–11 indicating high quality, 4–7 indicating moderate quality, and 0–3 indicating low quality. In case of discordance in scoring, the third researcher's decision was final.



Statistical Analysis

The mean ± standard deviation (SD) of SpO2, or the 2.5th percentile value of the SpO2 distribution range, were recorded. If the study results were expressed as the mean value ± standard error (SE), the SD was derived using the formula: [image: image] (where n is the sample size). If the data showed a skewed distribution, the lower limit of the reference interval was the value corresponding to the 2.5th percentile in the distribution range of SpO2 of healthy neonates born at different altitudes. If the data were normally distributed, the lower limit value corresponds to the −2SD value (mean value-2*SD). Therefore, the reference interval of SpO2 was defined as: the lower limit value < SpO2 ≤ 100%.

All data were entered into Microsoft Excel. Python v3.8 was used to read the data in Microsoft Excel for analysis. Then, the curve-fitting function in the numerical calculation library was used to perform polynomial fitting on the lower limit values. Next, the altitude data were taken as the parameters of the fitted function, and the predictive equations were obtained for the lower limit values.




RESULTS


Study Selection

A total of 376 articles were initially retrieved. From these, 116 duplicate articles and 213 obviously irrelevant articles were first screened out. Of the remaining 47 articles, seven satisfied all eligibility criteria and were included in this systematic review (5, 8–13). Figure 1 shows the literature screening process.


[image: Figure 1]
FIGURE 1. Flow diagram showing study selection process.




Study Characteristics

All seven articles were cross-sectional studies: three were from the US, one from Mexico, one from Israel, one from Ecuador, and one from China. One study was in Spanish and the rest were in English. The sample sizes ranged from 15 to 41,097, and the altitudes ranged from 25 to 3,100 meters above sea level. Four studies did not specify the study period. Three studies did not specify the neonatal resting state during measurement. Table 1 summarizes the characteristics of the seven studies.


Table 1. Basic characteristics of included studies.

[image: Table 1]



Quality Assessment

By the AHRQ scores, three studies were graded as high quality and four as moderate quality (Table 2).


Table 2. Quality assessment of studies by the Agency for Healthcare Research and Quality (AHRQ) scoring system.
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Data Extraction

The mean (with SD or SE) SpO2 of healthy neonates born at 40 different altitudes were collected from the seven studies. Of these, three studies had only post-ductal data. Table 3 presents all SpO2 data expressed as means ± SD.


Table 3. SpO2 in healthy neonates during the stable period at different altitudes.
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Data Analysis

Because the altitude varied between the studies, meta-analysis could not be performed. The pre-ductal and post-ductal data were analyzed separately. The altitude, mean (±SD) SpO2, and sample size were entered into Microsoft Excel, and the −2SD value of SpO2 for each altitude was calculated. The “xlrd” module of Python v3.8 was used to read the altitude column data, mean column data, and −2SD column data in the Microsoft Excel file; this was stored in the “list” collection. Then the curve-fitting function “polyfit” in the “numpy” numerical calculation library was used to perform polynomial fitting based on the least squares method on the −2SD column data. The “polyfit” function has three required parameters, namely abscissa data, ordinate data, and polynomial order, and its return value is the fitting function. After comparison, a third-order polynomial was selected as the fitting function. Then the “list” set of altitude data was used as the parameter of the fitting function, and the prediction equations for the lower limits for pre-ductal and post-ductal SpO2 were obtained:

For pre-ductal SpO2:

[image: image]

For post-ductal SpO2:

[image: image]

where H stands for altitude, in meters.

After the lower limits for pre-ductal and post-ductal SpO2 at each altitude was calculated, the smallest integer of the two values was selected as the final lower limit of SpO2 at each altitude. For example, at altitude 2,500 meters, the lower limit values of pre-ductal and post-ductal SpO2 were 89.3 and 89.25%, respectively, and so the reference interval was: 89% < SpO2 ≤ 100%.

Finally, the “pyplot” function in the visualization library “Matplotlib” was used to draw a −2SD scatter plot and a fitting curve of the lower limit values. For comparison, a scatter plot of the mean values and a fitting curve of the mean values was also drawn using the same method (Figure 2). Mean values scatter plot in Figure 2 is drawn from collected data, and mean values curve is obtained by curve fitting the collected mean values. The scatter plot of −2SD values in Figure 2 is calculated and drawn from the collected data, and lower limit values curve is obtained by curve fitting the −2SD values. As is clear from Figure 2, both pre-ductal and post-ductal SpO2 show a clear downward trend with increasing altitude.


[image: Figure 2]
FIGURE 2. Relationship between altitude and mean and lower limit values of SpO2 in healthy neonates. (A) pre-ductal; (B) post-ductal.





DISCUSSION

This study aimed to determine the reference intervals for neonatal SpO2 at different altitudes. The results showed that the lower limit of the reference interval decreases as altitude increases. It is clear that the reference interval used in the plains is inappropriate for higher altitudes.

Physiologically, the most significant changes in the neonatal period are in the path of intracardiac blood flow and pulmonary circulation. Immediately after birth, the lungs change from being fluid filled to air filled. Pulmonary blood flow increases, and the foramen ovale and ductus arteriosus close, preventing shunting of blood. The respiratory system must respond to a rapid increase in metabolic rate and a gradual change in partial pressure of oxygen from fetal to postnatal period, while continuing the final steps of structural maturation of the alveolar gas exchange unit. Oxygen plays a crucial role in regulating this sequence of events (14).

At high altitudes, atmospheric pressure is lower. This means that air in a given space expands and, although the oxygen proportion remains the same, the molecules are more dispersed. In the lungs, the number of oxygen molecules in alveoli are reduced, and so there is decreased transfer of oxygen from the alveoli to the bloodstream (15). This is the reason for the fall in SpO2 with increase in altitude.

In this review, we only included studies reporting SpO2 levels during the period from 24 h after birth to before discharge. Studies reporting SpO2 within 24 h of birth were excluded because SpO2 levels fluctuate during this period (16). In a study conducted at sea level on healthy neonates, Toth et al. found that the mean post-ductal SpO2 was 67% at 2 min after birth, but rose gradually over 14 min to reach 95% (17). Many studies (18–20) on the use of SpO2 to screen for congenital heart disease have reported significantly higher false-positive rate when screening is performed within 24 h of birth than when it is performed after 24 h of birth; this too suggests that SpO2 levels are unstable during the first 24 h after birth, a period when most of the transition from fetal circulation to neonatal circulation is occurring.

In this study, we excluded preterm infants with gestational age <34 weeks; only full-term or late preterm infants were included. Ravert et al. (21) compared SpO2 in term infants and premature infants born at altitudes of 1,371–2,484 meters, and found that preterm infants tend to have higher SpO2; however, the authors did not specify the exact gestational age. But, multiple studies (16, 22) on healthy late preterm infants and term infants showed that there was no difference in SpO2 between them after birth.

There may be differences between pre-ductal and post-ductal SpO2 of neonates at different altitudes. Habib et al. studied healthy neonates born at an altitude of 1,640 meters and found significant difference between pre-ductal and post-ductal SpO2 levels in the first 20 min of life (23). A multicenter study from Yunnan, China, also reported significant differences between pre-ductal and post-ductal SpO2 levels in healthy neonates during the stable period (i.e., 24 h after birth to before discharge) (5). During screening of neonates for conditions such as congenital heart disease, it is necessary to determine both pre-ductal and post-ductal SpO2 (24). We therefore collected the data for both pre-ductal and post-ductal SpO2, and built separate prediction equations. Currently, there is no high-quality evidence to indicate whether the larger or smaller integer should be chosen as the lower limit of the reference interval. To minimize the possibility misdiagnosis of hypoxemia in healthy neonates, we chose the smaller integer as the lower limit. Incidentally, the difference between values was not large.

Whenever possible, we preferred to record SpO2 values measured in the awake but quiet state. SpO2 during sleep can be low due to insufficient ventilation. It is not certain if there is a difference in SpO2 between sleeping and awake states at high altitudes. In a study of neonates born at altitudes of 1,371–2,484 meters, Ravert et al. found no significant differences in SpO2 values measured at different resting states (21). However, a study on infants aged 1–4 months living at 3,200 meters altitude did find differences in SpO2 recorded during awake vs. sleeping states (25). Whether the contradictory results are due to differences in altitude or differences in the ages of the study participants is unclear.

The prediction equation obtained in this systematic review can help guide medical decision making in high altitude areas by sensitively identifying hypoxemia in infants with conditions such as pneumonia, sepsis, and congenital heart disease. In a study conducted in Albuquerque, New Mexico, at an altitude of 1,646 meters, Rao et al. used SpO2 of 95% as the threshold to screen for congenital heart disease, and reported a false positive rate of 1.5%, which was much higher than the rate at sea level (26). According to our prediction equation, the lower limit of the reference interval of SpO2 at an altitude of 1,646 meters is 92%. However, the sensitivity of using 92% as the threshold needs further study. Previously proposed prediction equations to obtain the SpO2 threshold for diagnosis of hypoxemia in children were based on meta-regression analysis (3); we believe that the curve-fitting method we used is more accurate.

Our study has many limitations. In theory, when the data follow a normal distribution, −2SD corresponds to the 2.5th percentile. All studies in this systematic review provided the mean ± standard deviation or standard error. However, we found that many studies had +2SD values (mean values + 2*SD) exceeding the theoretical maximum of 100%, suggesting a skewed distribution. Ideally, the results of these studies should have been described using the median and interquartile range, and gave the 2.5th percentile value. We used the curve-fitting method to fit the data, but the accuracy of this approach needs to be verified. Another limitation was that the highest altitude in this study was only 3,100 meters; moreover, for three altitudes, pre-ductal data were not available. The accuracy of the prediction equation for higher altitudes needs to be verified. A third limitation was that factors such as season, ethnicity, POX type, and neonatal resting state during measurement varied between the studies; this may have affected the results. A study from Lhasa, Tibet, found that Tibetan infants had higher SpO2 than Han infants at birth and during the first 4 months (27); obviously, altitude is not the only factor affecting SpO2 in neonates.



CONCLUSIONS

This is the first systematic review of SpO2 in neonates at different altitudes during the stable period. The lower limit of the reference interval of SpO2 in healthy neonates tends to decrease as altitude increases. Further research on this topic is needed. Future studies should take into account all factors that could influence SpO2 levels, and if the research results are skewed distribution, specific values of the 2.5th percentile in the studies population can be given so as to have a higher quality meta-analysis and systematic review.
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etal. (13) month/year not post ductal
specified
Guoetal. (5) 2020 August2015to  China  267to 41007 235 weeks Masimo RADS Pre ductal and 24hafter bith Mean, SD  Not mentioned
June 2016 2,202 post ductal

“Year of publication.
POX, pulseoximetry; SD, standard deviation; SE, standard error.
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