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SUMMARY AT A GLANCE: 
First prospective study to examine PetCO2 and PtcCO2 as PaCO2 surrogates in awake stable children. In sixty-eight sets PtcCO2 showed better correlation and agreement with PaCO2 than PetCO2, but both had wide variability of values.PtcCO2 had excellent diagnostic performance to detect hypercapnia with potential for screening.
ABSTRACT:
Arterial blood gas analysis (ABG) is the gold standard test for carbon dioxide measurement. End-tidal PCO2 (PetCO2) and transcutaneous PCO2 (PtcCO2) are non-invasive alternative methods. Objective: to examine the use of PetCO2 and PtcCO2 as PaCO2surrogates in awake children. Methods: Prospective observational study. Consecutive awake children in stable condition referred to the Sleep Unit of Hospital de Pediatría Prof. Dr. J. P. Garrahan with suspected or confirmed SRRD requiring ABG were included. PetCO2 and PtcCO2 were recorded simultaneously during arterial puncture. PetCO2 and PtCO2 values were compared with PaCO2. Correlation coefficient and Bland-Altman analysis were applied. Sample size was calculated considering a mean difference ≤ 3 mmHg as clinically acceptable. Results: 68 sample sets were obtained from 67 patients.  Median age was 9.11 years (0.23-18.76). During 94.1% of the procedures patients breathed spontaneously, 30% needed multiple punctures and 92% resulted in pain. Median (IQR) PaCO2 (mmHg) was 36.3 (31.45; 40.90), PetCO2 33.0 (29;39) and PtcCO2 38.8 (32.95;43.32). Correlation and agreement for PaCO2/PetCO2 and PaCO2/PtcCO2was: r= 0.6 and0.9, and media of bias=2.83(-9.97;15.64) and-1.88 (-9.01;5.24), respectively. Hypercapnia(PaCO2>45.0 mmHg) was present in 8/68 (11.8%) samples. Sensitivity, specificity, positive predictive value and negative predictive value to detect hypercapnia with PetCO2 was 38 %,98%,75% and 92%, respectively, and with PtcCO2, 100%, 90%, 57% and 100%, respectively. Conclusion: PtcCO2 showed better agreement with PaCO2 than PetCO2,.but because of the wide dispersion of values, neither method can replace the gold standard. Transcutaneous CO2might be a good screening tool to detect hypercapnia in awake children. 
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INTRODUCTION:

Gas exchange evaluation is an essential tool for the diagnosis and follow up of children with respiratory diseases and sleep related respiratory disorders 1.
The gold standard test for measuring arterial carbon dioxide pressure (PaCO2) is the arterial blood gases analysis (ABG). This method has numerous disadvantages: it shows a unique cross-sectional measure of a variable and dynamic phenomenon; the procedure generates pain and anxiety in the child; it can develop complications with risk of infection, damage of tissue, vessels and nerves. The procedure is expensive and requires trained personnel with an available laboratory2.
Two alternative methods  provide non-invasive and continuous monitoring of PCO2: end-tidal PCO2 (PetCO2), and transcutaneous PCO2 (PtcCO2)3. PetCO2 measures breath by breath, the partial pressure of CO2 at the end of the expiration, which is the maximum expired carbon dioxide concentration during a respiratory cycle. In standardized conditions,PetCO2, is close to alveolar PCO2and the difference between PaCO2 and PetCO2 has been shown to be only 3 to 6mmHg in healthy subjects with healthy lungs4. While this method is accurate when measured at  the tracheostomy or endotracheal tube, its accuracy is variable in spontaneously breathing patients5. Results were good when it was used for estimating PaCO2 in intubated, hemodynamically stable patients without cyanotic congenital disease or pulmonary disorders6. The measurement of PtcCO2 is obtained by means of a Severinghaus-type sensor placed on the skin. It showed good correlation with PaCO2 in ventilated and non-ventilated patients, Lung disease or overweight do not affect the measurement7.The method is limited both by technical factors such as prolonged calibration and signal stabilization times, slow reaction to PaCO2 changes and patient-related factors such as hypoperfusion, hypothermia, shock and skin disorders2. Alternative methods differ in accuracy depending on the patient's condition and have been considered complementary methods to evaluate PaCO22,8.
Most published studies  on surrogate PaCO2 measurements have been conducted in adults, comparing either one of the alternative methods, usually in ventilated patients9–11.
The aim of the present study is to assess the accuracy of PetCO2 and PtcCO2 as PaCO2 surrogates in awake children with SRRD. 
METHODS:
Materials and methods:

This is a prospective, observational, cross-sectional study. It was approved by our Institution’ s Ethics Committee and Research Department and performed in concordance with ethical standards12. Written informed consent was obtained from parents and/or patients. 
Sample population:

Consecutive children, 1 month to 18 years of age, referred to the Sleep Unit at Hospital de Pediatría “Prof. Dr. J.P. Garrahan” between June 2016 and April 2017, with either suspected or confirmed SRRD who required arterial blood gases were included in the study. Children with acute respiratory infections including recent-onset respiratory symptoms such as cough, wheezing, secretions or change in secretions, and/or respiratory rate (RR) > 80 rpm, peripheral hypoperfusion, hypothermia, shock or hyperthermia, cutaneous alterations that hindered the placement of the transcutaneous electrode, and congenital heart diseases with right-left shunt were excluded. The elimination criteria were: non-interpretable blood samples (coagulated or venous samples), failure to obtain an arterial sample, refusal to be punctured or re-punctured for ABG and technically inadequate PetCO2 or PtcCO2 records. 
The following clinical variables were recorded: anthropometric data, primary disorder, use of chronic supplementary oxygen and/or home ventilation. Spirometry performed 2 months prior or 2 months after CO2measurements was included for analysis.  The ventilatory pattern was classified as normal, restrictive, obstructive or mixed  following the ATS rules13.
Measurements:

Patients were monitored awake, breathing room air or with supplemental oxygen, in spontaneous or mechanical ventilation, in stable condition.

PetCO2Monitoring:

The Nonin™ Life Sense LS1-9R monitor (Nonin Inc-Plymouth, USA) was used. A cannula was placed in the nares or a tracheostomy connector tube at the tracheostomy. PCO2 was measured by infrared technology with a side-stream system.
PtcCO2 Monitoring:

A digital transcutaneous Sentec™ monitor with V-Sign sensor (SentecAG, Therwil, Switzerland) was used. It was calibrated 20 minutes before each measurement. The electrode’s temperature was regulated at 42°C. The sensor was applied on the forehead or on the ear lobe.

PaCO2 Monitoring:

 The radial artery was punctured following the WHO guidelines, 20 minutes after the start of simultaneous PetCO2 and PtcCO2 monitoring, in order to allow PtcCO2 stabilisation as suggested by the manufacturer. Lidocaine gel was used for local anaesthesia. 
If the first puncture failed or the sample was not interpretable, the puncture was repeated. The blood was extracted in a syringe with lithium heparin and transported immediately to the laboratory, where it was processed with a multiparameter gas analyser (ABL800 Flex 835, Radiometer Medical, Brønshøj, Denmark).
PetCO2 and PtcCO2 values were registered manually from the monitors at the precise moment of the arterial puncture. 
Oxygen saturation (Masimo Radical-7 pulse oximeter®), axillary temperature, heart rate (HR) and respiratory rate (RR), were recorded as well. 
Crying and pain presence were also recorded. A validated pain scale according to age was used to objectively graduate pain after the arterial puncture. We used N-PASS  neonatal pain agitation and sedation scale for infants < 1 year; FLACC pain rating scale for children between 1-3 years, Faces Pain Scale-revised (FPS-R) for children > 3, numerical rating scales for children over 7 years, and R-FLACC (revised FLACC) pain rating scale for children with developmental disability 14–16. If more than one puncture was needed, the scale was applied after the last one.
We defined normocapnia as PCO2 values between 35 and 45 mmHg, hypercapnia as PCO2>45 mmHg, and hypocapnia<35 mmHg. RR was classified as tachypnea compared to normal values according to age 17.
Statistics:

RedCap application Research Electronic Data Capture (6.9.4 version) 18 was used to build the database, and RStudio (3.2.0 version) was applied for data analysis. Descriptive data was expressed as mean (SD) or median (IRQ) according to distribution, absolute numbers and percentage. 

The strength of linear association between PaCO2/PetCO2 and PaCO2/PtcCO2 was measured using correlation coefficient, Spearman or Pearson according to distribution. The agreement was evaluated by Bland-Altman plot analysis19. A mean difference (± 2DS) of PCO2 values up to 3 mmHg was considered clinically acceptable between the gold standard method and both alternative methods. With this purpose, a sample size of 67 was calculated using the Piface software20. 

We estimated the frequency with which non-invasive PCO2 values deviated from PaCO2 by 3 mmHg and by 5 mmHg. 

Sensitivity (S), specificity(E), positive and negative predictive values (PPV, NPV) were calculated using epidat 3.1 to evaluate diagnostic performance in order to detect hypercapnia using an alternative method.
RESULTS:
The final sample consisted of 68 sets from 67 children. Patient enrolment is shown in figure 1. Patients’ characteristics are reported in table 1; half of the population were children with neuromuscular disease (NMD). Spirometry was performed in 17 children; the majority had restrictive ventilatory pattern. It was not performed in 20 due to tracheostomy, in 10 because of short age, in 3due to neurologic disease, 7 did not meet criteria of acceptability, and in 10, it was not indicated by the attending pulmonologist.
CO2 measurements were done during spontaneous ventilation in 64/68 samples of which 61 were breathing room air and 3were using supplementary oxygen. In 4/68 (1/4 had additional oxygen) measurements were done during chronic continuous mechanical ventilation. Median (IQR) temperature, HR, RR and pulse oximetry were 36.1°C (36-36.4), 118 beats/minute (101.5-137), 26 breaths/minute (22-32), and 98% (97-99), respectively.

The ABG showed a median (IQR) pH 7.43 (7.40-7.45), HCO3 23.8 mm/L (21.12-25.92), PaO2 106 mmHg (91.87-135.25). Median (IQR) PaCO2, PetCO2 (mmHg) and PtcCO2 were 36.3 (31.45-40.90), 33.0 (29-39), and 38.8 (32.95-43.32), respectively. Thirty-one (45.6%) measurements were classified as normocapnic, 29 (42.6%) as hypocapnic, and 8 (11.8%) as hypercapnic. 
 Following the Spearman correlation index (Figure 2), PetCO2 displayed moderate correlation (r = 0.60) and PtcCO2 showed an excellent correlation with PaCO2 (r = 0.89). The Bland Altman plot is shown in Figure 3. The PCO2 bias and limits of agreement (CI 95%) between PaCO2/PetCO2 was 2.83 mmHg (-9.97- 15.64) and between PaCO2/PtcCO2 -1.88 mmHg (-9.01-5.24). 

PetCO2 values deviated from PaCO2≤ 3 mmHg in 43/68 sets (63.2%) and ≤ 5 in 49/68 (72.1%) whereas PtcCO2 values deviated ≤ 3 mmHg in 47/68 (69.1%) and ≤ 5 mmHg in 58/68 (85.3%).

Diagnostic performance to detect hypercapnia was evaluated. PetCO2 had a S 38 %, E 98 %, PPV 75 % and NPV 92 %, while PtcCO2 had S 100%, E 90%, PPV 57%, NPV 100%. Correlation and Bland Altman was also calculated in the hypercapnic group (n 8). PetCO2 and PtcCO2 showed r 0.71and 0.93, respectively; the PCO2 bias (CI95%) between PaCO2/ PetCO2 was 13.8 mmHg (-4.09-31.69) and between PaCO2/PtcCO2 0.26 mmHg (-6.93-7.45).

In 48/68 (70.6%) samples the ABG was obtained with a single puncture.  Two punctures were needed in 10 (14.7%), 3 in 9 (13.2%) and 4 in 1 (1.5%). Intensity pain scale was applied after the puncture in 45/68; median (IQR) pain intensity was 7/10 points (5-8). During blood draw, 39/68patients (57%) cried and 45/68 patients (66.2%) were tachypneic.
DISCUSSION:
We compared PetCO2 and PtcCO2 with PaCO2, the gold standard method for arterial CO2 determination. To our knowledge, this is the first research study that evaluates both surrogate PCO2 measures in awake children in stable clinical conditions, most of them during spontaneous breathing, outside the Pediatric Intensive Care Unit (PICU). 

In this population, PtcCO2 estimated better PaCO2 than PetCO2. PtcCO2 showed an excellent correlation with PaCO2, whereas PetCO2 correlated moderately. The Bland Altman analysis showed a clinically acceptable systematic bias for both alternative methods. Nevertheless, they both showed large limits of agreement with a tendency to overestimate or underestimate PaCO2 values when PtcCO2 or PetCO2 were measured respectively. When paired absolute differences from each individual measure were compared between PaCO2 and alternative methods, almost the double number of sample sets measured with PetCO2 compared to those measured with PtcCO2 had a difference greater than 5 mmHg.  
Our findings are consistent with previous published studies performed in children, comparing either one or both alternative methods with PaCO2. Table 2 summarizes the most relevant published data6,21–29. Most trials were performed in patients during invasive ventilation, with ABG’s obtained from arterial catheters during different clinical scenarios. In most of them, the concordance between PtcCO2/PaCO2 was better than between PetCO2/PaCO2, but with wide dispersion of values as in our study. Paiva et al 24compared PtcCO2 with PaCO2 obtained by arterialized capillary earlobe punctures in awake spontaneously breathing children requiring ventilatory support. They found a better correlation in the younger patients.
Published studies conducted in adults show similar results: low bias between alternative methods and PaCO230–32. However, limits of agreement vary from one publication to another10. Recently, a systematic review and meta-analysis evaluated the accuracy and precision of PtcCO233. The pooled sample evaluated a total of 73 studies, including 7021 paired samples from 2817pediatric and adult participants. The mean bias was -0.1 mmHg and the population limits of agreement were -15 to 15 mmHg. Compared to this meta-analysis, we obtained slightly narrower limits of agreement. 

Some authors have described widerPtcCO2 dispersion when hypercapnia was more severe (PaCO2> 55 mm Hg) 34, which we did not find. Nevertheless, we did find a higher bias of agreement between PaCO2/PetCO2 with wider dispersion in the hypercapnic group compared to the PaCO2/PetCO2 in the total population. 
When we explored the performance accuracy to detect hypercapnia, we found high sensitivity, specificity and NPV with the transcutaneous monitor. If new studies with sample sizes calculated for this purpose confirm this finding, PtcCO2 could be proposed as a non-invasive screening tool to detect hypercapnia in awake children.  
To our knowledge this is the first report on PCO2 surrogate measures which evaluates pain, crying and tachypnea during the arterial puncture procedure and uses a standardized validated pain scale. One third of our patients needed multiple arterial punctures. Even though local anaesthesia was used, our patients presented pain, crying and tachypnea. Hart et al 35 have hypothesized that pain and anxiety from arterial puncture might change the ventilatory conditions. They proposed that this procedure causes hyperventilation and reduces carbon dioxide levels resulting in falsely lower than expected PCO2 values. This hypothesis was not supported by Sahni et al 36,who found that respiratory rate increased slightly during arterial puncture without any change in PetCO2. ABG was obtained with limited pain (2/10 on a scale from 0-10) and on the first attempt in the small sample of adults. Our findings confirmed high pain intensity during blood extraction in children and are in line with Hart’s hypothesis35. Furthermore, the latter underlines the advantages of using non-invasive CO2methods in awake children to avoid the undesirable effects of arterial punctures and its eventual impact on ventilatory condition. 
Our study has some limitations that need to be addressed. First, the sample included a wide range of age and underlying diseases. In addition, the fact that many children cried, were tachypneic or even had restrictive ventilatory incapacity might have affected the poor accuracy of PetCO2 to estimate PaCO2. It has been described as well that PetCO2 values may be underestimated during mouth breathing, high ventilation/perfusion ratio, increased alveolar dead space and breaths with short expiratory times37,38. The latter could be a limitation but represents paediatric real-life scenarios. Another limitation is that PCO2 values from both alternative methods were recorded at the exact moment of the blood puncture.  The record of PtcCO2 values 1 and 2 minutes after the puncture might have been useful. Evidence in adults 39 reportsPtcCO2 measured two minutes after the arterial puncture as the strongest predictor of PaCO2. 

We did not evaluate agreement according to the site where the TC sensor was applied. Even though the guidelines on transcutaneous monitoring from the American Association for Respiratory Care do not provide a recommendation for the optimal site to place the transcutaneous sensor, the systematic review by Conway et al suggests that Sentec PtcCO2 sensors placed on the earlobe have better limits of agreement within the bounds of the clinically acceptable range (7.5 mmHg) compared to its placement in the forehead33. 

PtcCO2 values were directly registered from the monitor so values were not drift-corrected. This might have impacted negatively on the agreement as shown by Berlowitz et al40. Nevertheless, they also found that PtcCO2-PaCO2 difference increased as a function of time. Hence, in transversal CO2 measurements, drift correction may not be necessary.
Finally, as mentioned above, sample size was calculated for the primary goal and not for the application of accuracy performance tests in the hypercapnic sub-population. Given that the number of hypercapnic measurements was relatively small, results in this sub-group must be interpreted with caution.  

CONCLUSION:

ABG is the gold standard test for PaCO2 measurement. As expected, the arterial puncture was painful and repeated draws were needed in our study. 

PetCO2 and PtcCO2 showed a relatively good agreement with PaCO2. According to our data, PtcCO2 provides a more accurate estimation of PaCO2 than PetCO2, but because of the wide dispersion of values, neither method can be thought as a surrogate. Transcutaneous CO2 could be a good screening tool for paediatric hypercapnia if accuracy performance is confirmed in a bigger sample. 
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