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Background: Acute lung injury (ALI) is a common complication after cardiac surgery with cardiopulmonary bypass (CPB). No precise way, however, is currently available to predict its occurrence. We and others have demonstrated that microparticles (MPs) can induce ALI and were increased in patients with ALI. However, whether MPs can be used to predict ALI after cardiac surgery with CPB remains unknown.

Methods: In this prospective study, 103 patients undergoing cardiac surgery with CPB and 53 healthy subjects were enrolled. MPs were isolated from the plasma before, 12 h after, and 3 d after surgery. The size distributions of MPs were measured by the LitesizerTM 500 Particle Analyzer. The patients were divided into two subgroups (ALI and non-ALI) according to the diagnosis of ALI. Descriptive and correlational analyzes were conducted between the size distribution of MPs and clinical data.

Results: Compared to the non-ALI group, the size at peak and interquartile range (IQR) of MPs in patients with ALI were smaller, but the peak intensity of MPs is higher. Multivariate logistic regression analysis indicated that the size at peak of MPs at postoperative 12 h was an independent risk factor for ALI. The area under the curve (AUC) of peak diameter at postoperative 12 h was 0.803. The best cutoff value of peak diameter to diagnose ALI was 223.05 nm with a sensitivity of 88.0% and a negative predictive value of 94.5%. The AUC of IQR at postoperative 12 h was 0.717. The best cutoff value of IQR to diagnose ALI was 132.65 nm with a sensitivity of 88.0% and a negative predictive value of 92.5%. Combining these two parameters, the sensitivity reached 92% and the negative predictive value was 96%.

Conclusions: Our findings suggested that the size distribution of MPs could be a novel biomarker to predict and exclude ALI after cardiac surgery with CPB.
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INTRODUCTION

Cardiac surgery with cardiopulmonary bypass (CPB) is a traumatic procedure and prone to postoperative acute lung injury (ALI) (1–3). The incidence of ALI after CPB surgery is about 15–60%, and the incidence of ALI in children with CPB surgery is as high as 60%. ALI-related mortality in the general population reaches 40%, and may go up to 80% in the patients after cardiac surgery with CPB, which makes ALI a major cause of increased mortality after cardiac surgery (4, 5). The mechanism by which cardiac surgery induces ALI remains unclear but may involve inflammation, activation of coagulation, increased permeability of the alveolocapillary barrier, epithelium dysfunction (6), and alveolar epithelium cell apoptosis (7). More importantly, no precise method is currently available to predict ALI after cardiac surgery.

Circulating microparticles (MPs) are a group of membrane vesicles generated from a variety of sources including endothelial cells, neutrophils, platelets, etc. upon activation or apoptosis. We and other researchers have demonstrated that circulating MPs are elevated in cardiovascular diseases including valve heart disease, acute coronary syndromes, congenital heart disease, and cardiac surgery (8–15). MPs have been proved to have important physiological and pathophysiological functions and have been suggested as a promising biomarker to diagnose and predict different stages of diseases (11, 16–26). We also demonstrated that MPs were significantly increased, impairing endothelial function and vasodilation which may cause hemodynamic instability after cardiac surgery (9, 10, 18, 27). We previously found that endothelial microparticles were increased in patients after cardiac surgery and could induce ALI (10, 17). In the early stage of ALI, alveolar macrophage-derived MPs contain activated TNF-α, which may arouse a strong effect on inflammation and immunomodulation (28). Procoagulant tissue factor-bearing MPs may lead to lung injury through activated coagulation factors X and Xa and induce pulmonary fibrosis in interstitial lung diseases (29). In the rat model of ischemia-reperfusion-induced lung injury, elevated circulating MPs carrying miR-155 increase the pulmonary vascular permeability, leading to lung injury (30). Moreover, caspase-1 contained in monocyte-derived MPs mediates the apoptosis of alveolar epithelium cells (31). Recently, we found that MPs from cardiac surgery with CPB contained many pro-inflammatory proteins such as C-reactive protein, myeloperoxidase, serum amyloid A, S100 calcium-binding protein A8, and S100 calcium-binding protein A9, which may induce severe inflammatory response and ALI (32). Indeed, the circulating angiotensin-converting enzyme-positive endothelial MPs were increased in ALI (33). However, it is unclear whether MPs can be used to predict ALI after cardiac surgery.

In this study, we measured the number and size distribution of MPs using a new technique in the patients who underwent cardiac surgery with CPB. We found that the number of MPs in the patients notably increased compared with healthy subjects. However, the number of MPs did not differ in patients with ALI and without ALI. More importantly, the size at peak and interquartile range (IQR) of MPs in patients with ALI are significantly smaller than that of patients without ALI. Our findings suggest that the size distribution of MPs can be used to predict and exclude ALI after cardiac surgery with CPB.



MATERIALS AND METHODS


Patient Selection

The patients who underwent cardiac surgery CPB in the First Affiliated Hospital, Sun Yat-sen University were selected. Inclusion criteria were patients older than 18 years who underwent cardiac surgery with CPB through a mid-sternal incision and with general anesthesia under endotracheal intubation. Exclusion criteria were patients with previous cardiac surgery, previous central nervous system disease, renal failure, hepatic dysfunction, and previous lung disease such as thoracic trauma, pulmonary infection, and chronic pulmonary diseases before operation. The enrolled 103 patients were divided into two groups: patients with ALI (n = 25) and patients without ALI (non-ALI, n = 78). In addition, 53 healthy subjects were recruited as a control group whose age, gender, as well as other baseline characteristics, were matched with those of the patients included. The study was approved by the Ethics Review Board of the First Affiliated Hospital, Sun Yat-sen University. Prior informed consent was obtained from all subjects who were enrolled in this study.



Isolation and Size Distribution of MPs

The isolation of MPs followed the methodological guidelines for studying extracellular vesicles (34). All patients and healthy subjects fasted overnight. Blood samples were collected from the peripheral vein about 2.7 ml into a tube with sodium citrate at the time before, 12 h, and 3 d after surgery. The blood samples were centrifuged at 2,000 g for 20 min at 4°C to get platelet-rich plasma. The platelet-rich plasma then was centrifuged at 11,000 g for 2 min at 4°C to obtain platelet-poor plasma. All procedures mentioned above were done 2 h after blood collection. The samples were then stored at −80°C. Platelet-poor plasma was melted at 37°C and then centrifuged at 13,000 g for 45 min to prepare MPs for size distribution detection. MPs were resuspended in phosphate buffer solution to 1.0 ml. The size distribution of MPs was measured by the LitesizerTM 500 Particle Analyzer (Anton Parr, Ashland, VA, United States).



Nanoparticle Tracking Analysis

The quantification of MPs was determined by the Nanoparticle Tracking Analysis (NTA) system (NS300; Malvern, United Kingdom) as described previously (9). Briefly, the samples were gently inserted into the detection channel followed by setting an ideal resolution and brightness for the observation of MPs' motions. The movement tracks of MPs were recorded for 60 s with a detection threshold optimized for each sample and repeated three times. Data processing was performed by the NTA 3.3 software (Malvern, United Kingdom).



Data Collection

Data collection included demographics, history, type of cardiac disease; preoperative data such as blood type, blood routine, biochemistry parameter, myocardial enzyme, coagulation, New York Heart Association (NYHA) classification; intraoperative data such as duration of surgery and CPB; postoperative data such as duration of mechanical ventilation, ICU stay, arterial blood gas analysis, and the corresponding data at 12 h and 3 d after surgery when extracting MPs.



Diagnosis of ALI

The patients after cardiac surgery with CPB were divided into two subgroups (ALI and non-ALI) to further analyze the correlation between size distributions of MPs and acute lung injury. The diagnosis of ALI complies with the standard proposed by the American-European Consensus Conference Committee in 1994 (35): 1. Acute onset. 2. The partial pressure of oxygen /fraction of inspiration O2 ≤ 300 mmHg, regardless of positive end-expiratory pressure level. 3. Bilateral infiltrates seen on frontal chest radiograph. 4. < 18 mmHg when measured or no clinical evidence of left atrial hypertension.



Statistical Analyzes

Statistical analyzes were performed using SPSS 23.0 software (SPSS Inc, Chicago, Ill). For comparison between patients and healthy subjects, an independent 2-sample t-test was conducted. To compare the difference before and after surgery (at various time points), repeated measures analyses with Bonferroni Correction were applied. A χ2 analysis was conducted to compare proportions between different groups. The relationship between different indexes of MPs' size distribution was evaluated by Spearman's correlation analysis. Parametric data were presented as mean ± standard deviation (untransformed data) or 95% CI (transformed data). P < 0.05 was considered statistically significant.




RESULTS


Clinical Characteristics

A total of 103 patients were enrolled and 25 (24.3%) of them developed ALI after cardiac surgery (Figure 1). The demographic data and basic perioperative parameters are shown in Table 1. There were no significant differences between the ALI and non-ALI groups in demographic and perioperative characteristics except age (P = 0.023). The ALI group tended to have longer CPB time, clamping time, and operation time. The operation data are shown in Table 2.


[image: Figure 1]
FIGURE 1. Schematic flow chart of the study design. ALI: acute lung injury; PaO2, partial pressure of oxygen; FiO2, fraction of inspiration O2 and PEEP, positive end-expiratory pressure.



Table 1. Perioperative clinical parameters between the ALI and non-ALI groups.
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Table 2. The operation data between the ALI and non-ALI groups.
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Concentration of Circulating MPs in Patients and Healthy Subjects

The number of MPs in the patients notably increased compared with healthy subjects (Figure 2A). However, the ALI group and non-ALI group did not differ in the number of MPs (Figure 2B).


[image: Figure 2]
FIGURE 2. Concentrations of circulating microparticles (MPs) in all patients and healthy subjects. (A) The concentrations of MPs in healthy subjects and patients. (B) The concentrations of MPs at different perioperative times between ALI and non-ALI groups. *, vs. nMPs, P < 0.05. nMPs, MPs from healthy subjects; PRE-MPs, MPs from pre-operation; 12H-MPs, MPs from 12 h after operation; 3D-MPs, MPs from 3 d after the operation.




Comparison of Post-Operative Oxygenation Index (OI) Between ALI and Non-ALI Groups

As shown in Figure 3, OI in the ALI group decreased over time after surgery and reduced to around 240 mmHg at 12 h after surgery. OI in non-ALI patients remained around 390 mmHg. OI between the ALI and non-ALI groups differed significantly at 3 h after operation, and the differences became more pronounced with the extension of time, especially at 12 h after the operation when it showed the steepest drop compared with the non-ALI group. However, OI between 12 h and 3 d after surgery remained steady in the ALI and non-ALI groups. Moreover, OI at 0 h after the operation did not differ between the ALI and non-ALI groups.


[image: Figure 3]
FIGURE 3. Postoperative oxygenation index (OI) between the ALI and non-ALI groups. The figure showed the OI in patients with and without ALI at different times after surgery. *, vs. ALI group at the same time point, P < 0.05.




The Size Distribution of MPs in Patients and Healthy Subjects

There were two peaks of the size distribution curve of MPs in Figures 4A,B. One was located <100 nm and was considered to be exosomes, and the other was located between 100 and 1,000 nm and was considered to be MPs. The diameters in 80% of the MPs (from the first decile to the last decile) in the patients were between 125 and 280 nm at 12 h after surgery, 150 and 400 nm at pre-operation, and 140 and 360 nm at 3 d after surgery. First, we compared the MPs size distribution of all patients with that of healthy subjects at different time points (Table 3, Figures 4A,B). We found that the MP size at peak of the patients before surgery was slightly < in the healthy subjects (Table 3, Figure 4C). The MP size at peak at 12 h after surgery dramatically decreased to 231.43 nm compared with 260.55 nm at the pre-operation level, which increased to 252.05 nm at 3 d after surgery (Table 3, Figure 4C). The IQR of the MP size in patients before surgery was increased compared with healthy subjects. However, the IQR at 12 h after surgery also dramatically reduced to 117.42 nm compared with 163.29 nm at the pre-operation level, which elevated to 138.98 nm at 3 d after surgery (Table 3, Figure 4D). However, the peak intensity, which means the percentage of MPs at peak, showed no significant difference between healthy subjects and patients before surgery (Table 3, Figure 4E). The peak intensity at 12 h after surgery increased to 7.78% compared with 6.25% in pre-operation, which elevated to 7.24% at 3 d after surgery (Table 3, Figure 4E). The changes in peak intensity are opposite to the changes in IQR after cardiac surgery. In addition, the MP size at the peak was positively correlated with the IQR and negatively correlated with the peak intensity at 12 h after surgery (Figures 4F,G).


[image: Figure 4]
FIGURE 4. The size distribution of microparticles (MPs) in patients and healthy subjects. (A,B), Representative size distribution curve of MPs in patients (A,B) from the same patients using different X-axis. (C) The MPs size at peak between patients and healthy subjects. (D) The interquartile range (IQR) between patients and healthy subjects. (E) The peak intensity between patients and healthy subjects. (F) Correlation between size at peak and IQR at 12 h after operation. (G) Correlation between size at peak and peak intensity at 12 h after operation. *, vs. nMPs, P < 0.05; #, vs. PRE-MPs, P < 0.05; &, vs. 12H-MPs, P < 0.05. nMPs, MPs from healthy subjects; PRE-MPs, MPs from pre-operation; 12H-MPs, MPs from 12 h after operation; 3D-MPs, MPs from 3 d after operation; 12H, 12 h after operation.



Table 3. The size distribution of MPs.
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The Distribution of MPs Between the ALI and Non-ALI Groups

The perioperative size distribution of MPs is shown in Table 4, Figure 5. Figure 5A, Table 4 show that the size at the peak of MPs in patients with ALI at 12 h and 3 d after surgery were < those of the patients without ALI. The preoperative size at the peak of MPs in patients with ALI was also < those of the patients without ALI, but there was no statistical significance. The peak intensity did not differ between the ALI and non-ALI groups except at 12 h, when the peak intensity in patients with ALI was elevated than those in patients without ALI at 12 h (Figure 5B, Table 4). As for the IQR, there were significant differences between the ALI and non-ALI groups at 12 h and 3 d after surgery, when the values in the patients with ALI were < those in the patients with non-ALI. Meanwhile, there was no statistical significance for the IQR between the ALI and non-ALI groups before surgery (Figure 5C, Table 4).


Table 4. Size distribution of MPs between the ALI and non-ALI groups.
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[image: Figure 5]
FIGURE 5. The size distribution of microparticles (MPs) at different times between ALI and non-ALI groups. (A) The MPs size at peak between ALI and non-ALI groups. (B) The IQR between ALI and non-ALI groups. (C) The peak intensity between ALI and non-ALI groups. *, vs. ALI group at the same time point, P < 0.05. PRE-MPs, MPs from pre-operation; 12H-MPs, MPs from 12 h after operation; 3D-MPs, MPs from 3 d after the operation.




Correlations Between Perioperative Measurements and ALI

Since the index of the size distribution of MPs at 12 h after surgery dramatically and repeatedly changes, which might indicate the occurrence of ALI at a very early stage, we further performed the univariate analysis of the size at peak, the IQR, and the peak intensity at 12 h after surgery as well as preoperative clinical parameters potentially associated with ALI as shown in Table 5, Figure 6. There are five main parameters associated closely with ALI: size at peak (12 h), IQR (12 H), peak intensity (12 H), BMI, and CPB time. We put these 5 parameters together to perform a multivariate analysis. The results showed that the size at peak of MPs at post-operative 12 h and CPB time are the independent risk factors for the occurrence of ALI after surgery.


Table 5. Univariate and multivariate analyses of ALI.
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[image: Figure 6]
FIGURE 6. Forest plot for logistic regression analysis. The odds ratios for acute lung injury according to size at peak (12 H) and selected risk factors. CPB, cardiopulmonary bypass; BMI, body mass index; IQR, interquartile range; Size at peak (12H), the size at peak at 12 h after operation; OR, odds ratios; CI, confidence interval.




Receiver Operating Characteristic Curve Analysis

The value of MP size distribution in predicting the occurrence of ALI was further evaluated using the receiver operating characteristic curve (Figure 7). The area under the curve (AUC) of peak diameter at 12 h was 0.803. Table 6 shows that the best cutoff value for the size at peak at 12 h after surgery to diagnose ALI was 223.05 nm with a sensitivity of 88.0% and a specificity of 66.7%. The positive predictive value (PPV) and negative predictive value (NPV) were 0.458 and 0.945, respectively. As for the IQR of 12 h after surgery, the AUC was 0.717. The best cutoff value for the IQR to diagnose and exclude ALI was 132.65 nm with a sensitivity of 88.0% and a specificity of 47.4%. The PPV and NPV are 0.349, and 0.925, respectively. Combining these two parameters (size at peak and IQR) as a combined diagnostic factor for analysis, the AUC was 0.809, the sensitivity went up to 0.92, and the NPV reached 0.96.


[image: Figure 7]
FIGURE 7. Receiver operating characteristic curve analysis of microparticles (MPs) size distribution determined at 12 h after operation. The areas under the curves were 0.803, 0.717, and 0.809 for size at peak (12H), IQR (12H), and the combined factor, respectively. Size at peak (12H), the size at peak at 12 h after operation; IQR (12H), the IQR at 12 h after operation; combined factor, the combined factor of size at peak (12H) and IQR (12H).



Table 6. Receiver operating characteristic curve.
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When the size at peak at 12 h after surgery reached 239.2 nm, the sensitivity was 100% with a specificity of 51.3% and 1 of NPV, whereas when the size at peak at 12 h after surgery reached 194.745 nm, the specificity was 84.6% with a sensitivity of 40% and 0.455 of PPV. When the IQR at 12 h after surgery increased to 166.7 nm, the sensitivity was 100% with a specificity of 23.1% and 1 of NPV, whereas when the IQR at 12 h after surgery decreased to 69.2 nm, the specificity was 87.2% with a sensitivity of 36% and 0.474 of PPV. Combining these two parameters as a combined diagnostic factor, we found that when the value was 251.873 nm, the sensitivity was 100% with a specificity of 52.6% and 1 of NPV, whereas when the value was 201.078 nm, the specificity was 84.6% with a sensitivity of 40% and 0.364 of PPV (Table 6).




DISCUSSION

ALI is a severe complication after cardiac surgery with CPB and the incidence is up to 60%. Unfortunately, there is no parameter available to predict or exclude ALI after cardiac surgery with CPB. In the past decade, we and other researchers focused on the role of MPs in ALI, the different origins of MPs (endothelial microparticles, monocyte microparticles, platelet-derived microparticles, leukocyte microparticles), especially the concentration, types, and compositions of MPs, and demonstrated that MPs may participate in the development of ALI (11, 12, 16–18, 28, 30, 32, 33, 36–40). Thus, MPs may be a diagnostic marker and treating target in the early stage of ALI. In this study, we found that the size distribution of MPs can be used to predict and exclude ALI after cardiac surgery with CPB.

MPs have been described as cell-derived membrane vesicles of 100–1,000 nm diameter containing proteins, DNAs, and cytosolic materials in extracellular spaces (41). MPs were analyzed with a conventional flow cytometer in many studies. Previously, we found the endothelial microparticles detected by the flow cytometer are increased after cardiac surgery (10). The levels of endothelial microparticles seem to have no correlation with acute lung injury after cardiac surgery probably as a result of inadequate detection for microparticles with diameters < 300 nm. Because of the inherent limitations of the conventional flow cytometer, as these instruments were traditionally developed to measure whole cells, which are orders of magnitude larger and express far more molecules of identifying epitopes, this approach cannot accurately measure the MPs smaller than 300 nm in diameter. Although electron microscopy and atomic force microscopy can detect the MPs with a diameter <300 nm (42), it is unpractical in clinical measurement since it is time-consuming. Some studies used the conventional flow cytometry plus polystyrene beads of 110, 200, 500 nm, and 1 mm diameter to set up the MP size gate in two small angle light scatter detectors to analyze MPs smaller than 300 nm in diameter. However, it was difficult to separate the background noise with the MPs smaller than 300 nm and effectively measure the size of MPs by different diameter groups, so it was not able to precisely calculate the size of each MP (43, 44). Recently, NTA has been applied to mathematically calculate the concentration and size distribution of MPs, which records the path of each particle to determine the mean velocity and diffusivity, since the particles undergo Brownian motion (45). We adopted this approach to analyze the concentration of MPs in the present study. However, for accurate measurement of the size distribution of MPs, the NTA procedure requires accurate optimization of camera and analysis settings. Separate detections with different settings may be needed to obtain accurate readings for MPs subsets in heterogeneous mixtures (45). Therefore, in this study, we used a LitesizerTM 500 to measure the size distribution of MPs by dynamic light scattering, a technique to calculate the characteristic time of the fluctuations originating from the Brownian motion of MPs in scattered light intensity, and obtained the results using the Einstein-Stokes equation (46–54). This technique can detect the average particle diameter and particlediameter distribution of nano-sized particles dispersed in a liquid. Using this technique, we found that the diameters in most of the MPs were around 170–300 nm at 12 h after surgery, 175–500 nm before surgery, and 175–500 nm at 3 d after surgery, indicating that using a conventional flow cytometer to measure MPs can only detect a small part of MPs previously, and most of the MPs cannot be detected, especially at 12 h after surgery.

Using this technique, we found that the size of MPs is smaller in patients than in healthy subjects. More importantly, the size of MPs is dramatically reduced after cardiac surgery with CPB, especially at postoperative 12 h. The same happened in the IQR, which is smaller after surgery, especially at postoperative 12 h. On the contrary, the peak intensity increases after the surgery, especially at postoperative 12 h. The curve of the size distribution of MPs seems to be able to shift from right to left (becomes small) with the shape becoming high and narrow (sharp shape) after cardiac surgery with CPB, especially at postoperative 12 h. Why the size distribution of MPs after cardiac surgery is altered remains unclear. One speculation is larger MPs may be filtered by the cardiopulmonary bypass membrane during cardiac surgery. There are a few reports on the changes in sizes or diameters of circulating microparticles under pathological conditions (55–57). The circulating extracellular vesicles (also called microparticles) derived from the ALI patients showed smaller sizes compared with control healthy subjects, but with no significant difference, which may be the result of the insufficiency of enrolled patients (57). The diameters of circulating microparticles isolated from the patients with chronic fatigue syndrome were significantly smaller than those derived from non-fatigued healthy controls (55). In the pig model of the metabolic syndrome, the mesenchymal stromal cells-derived extracellular vesicles were on average smaller in size compared with the extracellular vesicles from the pig control (56). The sizes of circulating MPs are altered under different pathological states and the correlation between the changes and ALI after cardiac surgery is unclear. When further comparing the peak diameter and the IQR of MPs at 12 h after surgery, we found that the peak diameter and the IQR of MPs decreased more significantly in patients with ALI than in patients without ALI, suggesting that the MPs' generation is different before and after the operation, and between the ALI and non-ALI groups. It seems that cardiac surgery with CPB and ALI can stimulate the production of small-sized MPs, which may be used as a biomarker. Indeed, it has been reported that there were increased levels of small-sized MPs in patients with psoriasis (58), which is consistent with our findings. Thus, small-sized MPs may be generated under disaster stress and numerous inflammations, and the true mechanisms need to be further investigated in the future. Another finding in this study is the size distribution of MPs also shifts from right to left (being smaller) with the shape becoming high and narrow (sharp shape) before surgery in patients with ALI compared to the non-ALI group, although there is no statistical significance (may get statistically significant when increasing the sample size), indicating that patients with the small-size and sharp shape distribution of MPs are prone to ALI after surgery.

As mentioned above, the peak diameter and the IQR of MPs at 12 h after surgery changed most significantly. We further analyzed the relationship between these parameters and ALI. We found a certain relationship between peak diameter at 12 h after surgery and ALI in the present study (AUC = 0.803). Although the diagnostic specificity of peak diameter at the best cutoff value is about 66.7%, the diagnostic sensitivity is very high, which reached 88% with a 0.945 negative predictive value. More importantly, the peak diameter of MPs can be used as an exclusive index of ALI when the sensitivity reaches 100%, and the peak diameter at 12 h after surgery is 239.2 nm. In other words, the diagnosis of ALI could be excluded if the peak diameter at 12 h after surgery is larger than 239.2 nm. We can also increase the diagnostic specificity to 84.6% with a negative predictive value of 0.815 by setting a peak diameter smaller than 194.745 nm. Moreover, the IQR of postoperative 12 h also has a certain value in the prediction of ALI. Combining peak diameter and IQR through regression equation at the best cutoff value, the diagnostic sensitivity can reach 92% with a negative predictive value of 0.96. We can also set a certain value of IQR and the combined peak diameter and IQR at 12 h after surgery to reach 100% of sensitivity and more than 85% of specificity to exclude and diagnose ALI. The question is how to diagnose ALI if the peak diameter is between 194.745 and 239.2 nm, the IQR is between 69.2 and 166.7 nm, or the combined factor is between 201.078 and 251.873 nm, which accounts for about 40% of the patients. In this situation, we can combine clinical manifestations and other diagnostic methods to predict ALI. Indeed, further logistic regression analyses suggested that the size of MPs at postoperative 12 h was an independent risk factor for the occurrence of ALI. This is very important since ALI is a severe complication with a great impact on cardiopulmonary function, and postoperative 12 h is a very early stage after cardiac surgery, and doctors can distinguish suspicious ALI patients and conduct further inspection and intervention to prevent the occurrence of ALI or treat patients at an earlier stage of ALI. Therefore, it is of great value to use the size distribution of MPs to predict and exclude ALI after cardiac surgery with CPB.

In this study, the OI of the two groups did not significantly differ at postoperative 0 h. However, the OI of ALI patients decreased gradually with time after surgery. It seemed that the pathological changes of the lung had appeared in the early period after the operation, and earlier than the measurement indexes detected by existing methods, such as artery blood gas analysis and chest radiography. The OI of ALI patients decreased apparently in the first 12 h, and then remained stable until 3 d. This is also the reason the three time points were chosen (pre, 12 h, 3 d) in this study.

Limitation: 1. This is a single-center study and the sample size of 103 patients is relatively small. Multicenter researches and an enlarged sample are needed in future studies. 2. The preoperative OI of patients was not obtained, since arterial blood gas analysis was not performed regularly before the operation. If there was no significant difference in preoperative OI between the ALI and non-ALI groups, MPs will be of higher value in predicting postoperative ALI. 3. We chose three time points (pre, 12 h, 3 d) in this study. If we can monitor frequently or even dynamically, the relationship between ALI and the size distribution of MPs will be more explicit.

Conclusion: Our data showed the peak diameter and the IQR of MPs at postoperative 12 h are smaller in patients with ALI than those in the non-ALI group after cardiac surgery with CPB. This is the first demonstration of the relationship between the size distribution of MPs and ALI after cardiac surgery with CPB. Our findings suggested that the size distribution of MPs could be a novel biomarker to predict and exclude ALI after cardiac surgery with CPB.
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