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Background

Prolonged critical illness is often accompanied by an impairment of adrenal function, which has been frequently related to conditions complicating patient management. The presumed connection between hypoxia and the pathogenesis of this critical- illness- related corticosteroid insufficiency (CIRCI) might play an important role in patients with severe acute respiratory distress syndrome (ARDS). Since extracorporeal membrane oxygenation (ECMO) is frequently used in ARDS, but data on CIRCI during this condition are scarce, this study reports the behaviour of adrenal function parameters during oxygenation support with veno-venous (vv)ECMO in coronavirus disease 2019 (COVID-19) ARDS.





Methods

A total of 11 patients undergoing vvECMO due to COVID-19 ARDS at the Medical University of Vienna, who received no concurrent corticosteroid therapy, were retrospectively included in this study. We analysed the concentrations of cortisol, aldosterone, and angiotensin (Ang) metabolites (Ang I–IV, Ang 1–7, and Ang 1–5) in serum via liquid chromatography/tandem mass spectrometry before, after 1 day, 1 week, and 2 weeks during vvECMO support and conducted correlation analyses between cortisol and parameters of disease severity.





Results

Cortisol concentrations appeared to be lowest after initiation of ECMO and progressively increased throughout the study period. Higher concentrations were related to disease severity and correlated markedly with interleukin-6, procalcitonin, pH, base excess, and albumin during the first day of ECMO. Fair correlations during the first day could be observed with calcium, duration of critical illness, and ECMO gas flow. Angiotensin metabolite concentrations were available in a subset of patients and indicated a more homogenous aldosterone response to plasma renin activity after 1 week of ECMO support.





Conclusion

Oxygenation support through vvECMO may lead to a partial recovery of adrenal function over time. In homogenous patient collectives, this novel approach might help to further determine the importance of adrenal stress response in ECMO and the influence of oxygenation support on CIRCI.
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1 Background

Severe acute respiratory distress syndrome (ARDS) often demands support via extracorporeal membrane oxygenation (ECMO) to maintain vital organ function (1). Due to disease severity, affected patients are frequently prone to prolonged critical illness, which subsequently leads to dysfunction of the hypothalamic–pituitary–adrenal (HPA) axis (2). As concomitant failure of maintaining an autonomous stress response, critical- illness- related corticosteroid insufficiency (CIRCI) is often associated with the continued requirement of vasopressor support, electrolyte disturbances, and poor neurological recovery post sedation (3). In case of primary adrenal insufficiency, co-evaluation of the renin–angiotensin–aldosterone system (RAAS) activity in these patients was previously proposed to improve reliable interpretation (4).

Since HPA-axis-perturbing hypoxia and inflammation are considered causes of CIRCI (5), the investigation of adrenal function in the setting of ECMO due to respiratory failure seems imperative. Recent studies reported the occurrence of CIRCI in patients during ECMO support (6, 7). However, due to different underlying causes of ARDS and the requirement of HPA axis-affecting medication like glucocorticoids, an accurate and consecutive assessment of adrenal function over time remains challenging. Severe coronavirus infectious disease 2019 (COVID-19) features a distinct type of ARDS (8). Commonly observed during the pandemic between 2020 and 2022, COVID-19 ARDS frequently served as a disease model for pulmonary failure, in which veno-venous (vv)ECMO represents the main therapy method to support lung function (1).

This study aimed to profile autonomous adrenal function under the requirement for vvECMO in prolonged COVID-19 ARDS and relate endogenous cortisol concentration to clinical features associated with CIRCI during the first 2 weeks of ECMO support. Focusing on long-term critical illness in this setting enables to investigate a homogeneous collective of intensive care patients with respiratory failure, which may also provide further insights into the pathophysiology of adrenal dysfunction in classical non-COVID ARDS.




2 Methods

To assess adrenal function during vvECMO support, we retrospectively evaluated a cohort of patients with respiratory failure treated at our centre between January 2020 and May 2021 (9). Previously collected data consisted of information about patients general demographics at admission, comorbidities, length of ICU stay at our centre, and disease course (including simplified acute physiology score (SAPS) 3 before vvECMO administration, vasopressor support, dialysis, and non-ECMO related complications), daily blood analyses for routine clinical care, which were conducted at the laboratory of our centre (10), and if the cause of respiratory failure was COVID-19. Along with other comorbidities associated with increased severity of COVID-19 (arterial hypertension, chronic heart disease, and chronic respiratory disease), the reported metabolic disorders were diagnosed type 2 diabetes and obesity (defined as BMI > 30 kg/m2). Daily observations regarding respiration included respiratory rate, Horovitz index, the type of ventilatory support, tidal volume, PEEP and peak inspiratory pressure, routine blood gas analyses, prone positioning, and the requirement for neuromuscular blockage, whereby the parameters of mechanical ventilation for each observation were presented as the mean value of the respective study day. The protective ventilatory strategy used within our patient’s collective was previously described (9). ECMO-specific data contained the duration of critical illness before ECMO (considered as the duration of invasive mechanical ventilation (IMV) before ECMO initiation), duration of ECMO in days, mean blood, and gas flow throughout the time of ECMO-support, and ECMO-related complications. For each patient, complications were recorded until the 28th day of ICU stay, the end of ECMO therapy, or death, whichever occurred first. Of the deceased patients, the time between ICU admission and death and cause of death were reported, which were recorded until the end of hospital stay.



2.1 Study population and specific blood sampling

Of the observed population, we included all patients receiving vvECMO, in which the underlying cause of ARDS was COVID-19. General exclusion criteria comprised continuous treatment with glucocorticoids (GC) or other medication potentially influencing HPA-axis signalling, i.e., etomidate, or azole antimycotics (11). Furthermore, we excluded all time points in which patients received single doses of GC treatment within 24 h before blood sampling to enable a reliable determination of adrenal function. Subsequently, we determined total serum cortisol (as the most relevant surrogate parameter for adrenal sufficiency) and serum aldosterone as our primary endpoints prior to (“pre ECMO”), after the first day (“acute “— i.e., between 16 and 24 h), 1 week after, and 2 weeks after vvECMO initiation. If vvECMO support ended before the observation period of 2 weeks, subsequent time points were excluded as well.

At each occasion along the specified timeline, the presence of CIRCI was determined according to the Society of Critical Care Medicine and European Society of Intensive Care Medicine, by a random cortisol measurement of <10 mcg/dL, i.e., 275.86 nmol/L (12). During ECMO, the present serum samples used to determine cortisol concentrations were collected daily approximately 7 a.m. and immediately stored at −80°C at our biobank. Regarding the assessment of concentrations, samples were spiked with deuterated internal standards for aldosterone (Aldosterone D4) and cortisol (Cortisol D3), and enriched target analytes were quantified by liquid chromatography/tandem mass spectrometry analysis following a solid-phase extraction (C18, Waters)-based sample preparation process. In cooperation with Attoquant diagnostics GmbH, data of RAS fingerprints (13–15) were used to depict RAAS activity along the sampling timeline, which included concentrations of angiotensin (Ang) I, II, III, IV, Ang 1–5, Ang 1–7, and the angiotensin-based marker for plasma renin activity (PRA-S), calculated as the sum of Ang I and Ang II (16, 17). Aldosterone values lower than 20 pmol/L, which could not be re-determined, were arbitrarily set to 10 pmol/L for a more reliable estimation of concentration.




2.2 Statistical analysis

Qualitative parameters are presented as count and percentage. Quantitative parameters are presented as median and interquartile range (IQR), and Kruskal–Wallis test was used for comparison. Data are represented in tables, and for the comparison of values between different observations along the specified timeline, the overall p-value is shown, whereby significance was determined by a two-sided α of < 0.05. Due to the exploratory design of our study, no correction for multiple testing was performed. Boxplots were used to depict cortisol and aldosterone concentrations at each occasion during the observed time course. Furthermore, Spearman correlation coefficients and scatter plots were used to determine noticeable correlations between cortisol and general ICU parameters and biomarkers regarding patient’s condition during vvECMO support. RAS fingerprints and relations between PRA-S and aldosterone were investigated in a subset of patients for which all required data on RAAS activity were present. For the illustration of RAS fingerprints, angiotensin metabolite levels below the lower limit of quantification were set to their lower limit of quantification. The relation between PRA-S and aldosterone was depicted by scatter plots and Spearman coefficients of log- transformed parameters using their natural logarithms. The R software (R Core Team. R: A Language and Environment for Statistical Computing. Vienna, Austria: R Foundation for Statistical Computing, 2020. https://www.R-project.org/.) was used for descriptive and analytical statistics.





3 Results

Our database contained data of 42 ICU patients in need of ECMO due to respiratory failure between January 2020 and May 2021 with samples stored at our biobank. Following our inclusion and exclusion criteria, unbiased cortisol and aldosterone values were available from 28 samples of 11 patients (10 male and 1 female) undergoing vvECMO due to COVID-19 ARDS. Of those, data on RAS fingerprints were available from a subset of 15 samples. Due to the low number of suitable parameters before ECMO, correlation analyses were only conducted for the observations after ECMO initiation. If not explicitly stated, described calculations were not significant.



3.1 Disease course during the observation period

Demographic data and present comorbidities at the time of study inclusion are enlisted in Table 1: overall, patients represented with a median age of 62 (53–66) years and were overweight, showing also a cumulation of type 2 diabetes, arterial hypertension, a high SAPS3 score, and severe ARDS according to Horovitz Index. None of the participants had a history of chronic kidney disease or received continuous immunosuppression. Median duration of critical illness before vvECMO initiation was 10 (8–12) days. All patients required mechanical ventilation until ECMO, whereby the majority received biphasic positive airway pressure (BIPAP) support. Tidal volume, PEEP, and peak inspiratory pressure before ECMO initiation were 354 (284–410) mL, 13 (12–14) cmH2O, and 29 (18–27) cmH2O, respectively. During ECMO, respiration was primarily managed via BIPAP, whereby in all patients, neuromuscular blockage was required during 7 (2–10) days. The median time of vvECMO support of our population was 21 (13–29) days. Blood and gas flow were 3.71 (3.52 –4.03) L/min and 4.04 (3.05 –4.72) L/min, respectively. After vvECMO initiation, a total of 10 patients needed vasopressor support within 15 (10 –21.5) days during the observation period. Two of them received haemodialysis for 3 and 19 days. The type and quantity of ECMO- and non-ECMO- related complications are reported in Table 1. Within the observation period, none of the patients developed bleeding related to ECMO cannulation, intracranial bleeding, or ischaemic stroke. Overall length of stay at our ICU was 26 (22–44) days. Five patients died, two after 18 and 45 days due to multi-organ failure, and three after 21, 23, and 31 days due to refractory COVID-19 ARDS despite vvECMO.


Table 1 | Baseline characteristics of the observed study population and quantity of complications during the observation period.






3.2 Adrenal function during vvECMO support

Continuous data on laboratory parameters are summarised in Table 2. Concentrations of endogenous cortisol and aldosterone were available for four patients pre-ECMO, for nine patients each within 24 h and after 1 week, and for six patients after 2 weeks. In three of all included patients, concentrations were available at all four observed time points. Concentrations were unavailable for one patient at one, for six patients at two, and for one patient at three time points. At all observed time points, median cortisol concentrations appeared to be lower than 275.86 nmol/L; wherefore, CIRCI was present in most of the observed individuals (Figure 1A). During ECMO support, cortisol was lowest during the first day of ECMO and slightly increased after 1 and 2 weeks. Concentrations of serum aldosterone showed a higher variability between individuals and were highest after 1 week of ongoing ECMO support (Figure 1B). Figures 1C, D show cortisol concentrations during vvECMO with respect to ARDS severity: at observed time points, most patients had moderate ARDS according to Horovitz index. Interestingly, overall values of both serum cortisol and aldosterone showed opposite trends, whereby cortisol tended to decrease, and aldosterone tended to increase with decreasing ARDS severity. Results of the RAAS subset analysis are depicted in Figure 2: Data of angiotensin metabolites were available for seven patients in the acute phase and for eight patients after 1 week of ECMO therapy, whereby angiotensin levels did not markedly differ between both time points (Figure 2A). Natural logarithms of PRA-S as marker of renin activity and aldosterone showed a better correlation after 1 week of ECMO support compared to the acute phase of ECMO (Figure 2B).


Table 2 | Blood analyses and respiratory parameters at every observed time point.






Figure 1 | Serum cortisol and aldosterone concentrations throughout the observation period. Boxplots are depicted for concentrations at each observed point in time (A, B) and according to ARDS severity for all available measurements before and during vvECMO (C, D). As shown by the red dashed line in (A), (C), CIRCI was present in most individuals immediately before and during ECMO support.






Figure 2 | Renin–angiotensin–aldosterone system activity during the acute phase and after one week of vvECMO support. Within the subgroup analysis, angiotensin levels (shown as median) did not differ between the acute phase (n = 7) and after 1 week (n = 8) of ECMO support (A, RAS fingerprints). However, logarithms of PRA-S and aldosterone concentrations showed a better correlation after 1 week, whereby later deceased patients tended to exhibit a lower activity (B). Aldo, aldosterone; Ang, angiotensin; PRA-S, plasma renin activity.






3.3 Relationship between hypocortisolism, clinical parameters, and outcome

For separate time points during ECMO, linear regressions and Spearman coefficients between cortisol values and variables of interest are depicted in Figure 3. Although not significant, correlation with the initial SAPS3 score showed positive trends and fair Spearman coefficients after 1 and 2 weeks. Contrarily, correlations of cortisol with length of ICU stay (rho = −0.46, p = 0.213) and duration of vvECMO support (rho = −0.667, p = 0.059) indicated negative trends after 1 week of ECMO. Of all inflammatory and infection-related parameters, both IL-6 (rho = 0.75, p = 0.066) and procalcitonin (rho = 0.714, p = 0.136, single outlier excluded) correlated with cortisol during the acute state of ECMO support, a trend t hat, in case of procalcitonin, persisted after 1 week (rho = 0.755, p = 0.031). Investigating blood chemistry, cortisol concentrations showed marked positive correlations with blood pH (rho = 0.733, p = 0.031) and base excess (rho = 0.833, p = 0.008) in the acute state of ECMO, but not at later time points. To a lesser extent, similar observations could be made with calcium (rho = 0.483, p = 0.194) and the duration of critical illness before ECMO (rho = 0.487, p = 0.183), which did not show any associations to assessed adrenal function after 1 and 2 weeks. Regarding ECMO-specific parameters, ECMO gas flow showed a fair negative correlation with cortisol during the acute state of ECMO (rho = −0.583, p = 0.108). Other parameters that were significantly correlated with endogenous cortisol were albumin (rho = 0.717, p = 0.037) within the acute state of ECMO, lactate (rho = 0.692, p = 0.039), and potassium (rho = −0.787, p = 0.012) after 1 week and aldosterone (rho = −0.88, p = 0.021) after 2 weeks. Regarding outcome, no differences in either cortisol or aldosterone concentrations were observed between deceased and survivors at any time point.




Figure 3 | Correlation analyses between cortisol concentrations during vvECMO and clinical variables regarding patient’s condition, including initial SAPS3 score (A), prior critical illness in days (D), and blood laboratory parameters as IL-6 (B), procalcitonin (C), calcium (E), and blood pH (F).. Plots contain Spearman’s rho (ρ) and p-value (p) for each correlation. Initial SAPS3 score was assessed immediately before ECMO initiation. Prior critical illness refers to the duration of mechanical ventilation before ECMO. For procalcitonin (C, “acute”), a single outlier (*) was excluded from linear regression.







4 Discussion

The present analysis revealed associations between adrenal function during vvECMO support and clinically observed parameters. Patients frequently presented with CIRCI throughout the observed period of 2 weeks, and total cortisol was associated with data regarding patient’s condition and inflammation. Since the pathophysiological mechanisms causing CIRCI during prolonged ARDS are yet to be determined, our findings represent novel insights into the connections of hypoadrenalism to sufficiency of oxygen supply and disease severity. Given the complexity of an accurate interpretation in the state of critical illness, the study design enabled to assess adrenal function in a homogeneous collective of glucocorticoid- naive patients with COVID-19 ARDS, a disease that eminently served as model for the investigation of respiratory failure.



4.1 Prolonged respiratory failure as a model for CIRCI development

As seen in patients with trauma or septic shock, the presumed cause of CIRCI is often related to the underlying disease (12). In the context of prolonged ARDS, however, the connection between hypoxia and CIRCI remains to be determined. The adrenal glands of calf respond to acute hypoxia, considered as stressor, by the prompt secretion of cortisol into the circulation (28). On the other hand, the response to ACTH has been shown to be decreased in mice under hypoxic conditions (29), illustrating an uncoupling of the HPA axis, as it was stated in prolonged critical illness (30). Furthermore, in humans with chronic obstructive pulmonary disease, hypoxic conditions were also related to low cortisol values (31).

In our collective, vvECMO can be seen as the effort to improve oxygenation during the concomitant evaluation of adrenal function. All our patients presented with low cortisol concentrations throughout the observation period, whereby values were lowest after ECMO initiation. Especially in the acute state of ECMO, low cortisol concentrations might therefore indicate still persistent adrenal compromise due to the preceding duration of critical illness. However, cortisol concentrations progressively increased during ECMO, wherefore oxygenation support might result in a partial rehabilitation of adrenal function over time. Of note, a reduction in cortisol breakdown might also explain the observed increase in cortisol levels, which has been previously described by Boonen et al. in patients with critical illness (32). Nevertheless, most of our patients already experienced prolonged critical illness for at least 1 week previous to study inclusion, which is different to the population investigated by Boonen et al.

Similarly, aldosterone values appeared to be highest after 1 week, and the conducted sub-analysis indicated a more homogeneous aldosterone response to PRA-S after 1 week of ECMO compared to the acute phase. The relevance of hyperreninemic hypoaldosteronism in respect of hypoadrenalism during critical illness remains controversial (4). Nevertheless, the hereby observed trends may be of interest for future research within critical illness.




4.2 The adrenal response to extracorporeal life support

Presently, there is only limited information about the direct impact of ECMO on HPA axis signalling. In a setting of low-dose GC treatment and alternative veno-venous- to veno-arterial ECMO support, Altshuler et al. reported higher cortisol and ACTH levels in deceased patients compared to survivors (7), and pre-ECMO conditions were investigated from Agus et Jaksic, which showed low cortisol and aldosterone values in a small collective of ECLS primed circuits of infants (33). As a drastic measure of organ replacement, ECMO acts as a stressor via haemodynamic changes, inflammatory and coagulopathic effects due to cannulation, predisposition to infection, or bleeding complications (7, 18). Therefore, ECMO support itself might be a reason for additional alterations in HPA-axis signalling.

In the acute phase, cortisol also correlated with IL-6 and procalcitonin. These correlations may express the adrenal stress response to ECMO initiation itself, which may instigate the adrenal reaction to already present stimuli, such as inflammation and concomitant bacterial infection, by conveying an additive effect (19). Further contemplating the acute phase of ECMO, cortisol also showed positive correlations with the previous duration of critical illness, total calcium, pH, and base excess. Even if ionised calcium did not show any correlation with cortisol, and CIRCI is normally related to mild hypercalcaemia (3), dependencies of calcium homeostasis on the cortisol-mediated stress response seem reasonable (20). Alkalosis is a reported complication of ECMO (21). Thus, base excess levels are also likely to be initially elevated in a manner of post-hypercapnic alkalosis (22). However, to our knowledge, this is the first report that relates post-hypercapnic alkalosis to the HPA stress response after ECMO initiation. Future prospective investigations may provide more information to optimise the management of acid–base balance within the acute state of ECMO.




4.3 Severe ARDS: lessons learned from COVID-19

Compared to classical non-COVID ARDS, COVID-19 ARDS is characterised by distinct features of the inflammation response and the prominent RAAS dysregulation (8, 23). A direct impact of COVID-19 on the adrenal cortex was proposed by Mao et al., who also reported lower cortisol levels of critically ill patients with COVID-19 compared to critical illness of other causes (6). However, unlike their control subjects, the majority of COVID-19 patients received veno-arterial ECMO, which might also be associated with low cortisol concentrations.

Especially in COVID-19-ARDS, the duration and severity of critical illness before ECMO are intensely discussed outcome parameters. A recent meta-analysis reported a longer duration of IMV and longer duration of symptoms before vvECMO initiation to be associated with increased mortality (24). However, adjusted analysis of IMV duration before ECMO showed a wide variation in effect size, relativising this finding, as it was previously reported by our study group (9). The observed correlation between cortisol and prior IMV duration may provide further insight into the adrenal response to ECMO according to the previous duration of critical illness.

Alterations of the alternative RAS were previously reported in severe COVID-19 ARDS (23).

Throughout the observation period, cortisol values of our participants tended to be positively associated with initial SAPS3 and negatively associated with both length of ICU stay and duration of ECMO support. Furthermore, cortisol was highest in severe ARDS according to Horovitz index, indicating a rest function of the adrenal response to disease severity. Those findings differ to non-ICU patients (25). No difference in cortisol between survivors and non-survivors was observed. However, especially in COVID-19, the role of serum cortisol as predictor for survival is still unclear (26); wherefore, further studies will be needed to clarify the relation between adrenal function during prolonged severe COVID-19 ARDS, disease severity, and survival.

Within our population, neither a discrepancy in corticosteroid insufficiency between COVID-19 patients with and without metabolic disorders (i.e., diabetes, obesity) nor correlations between cortisol and BMI could be observed. As a manifestation of HPA-axis disturbance, the state of CIRCI may bias the given relations between endogenous cortisol and markers of body composition (27). Nevertheless, because of the known associations between metabolic disorders and COVID-19 severity (34, 35), future comparisons of long-term HPA axis signalling in critical illness to BMI and estimators of glycaemic control may reveal new insights into the metabolic adaptations during CIRCI.





5 Limitations

Considering the retrospective manner and the high adherence to current treatment guidelines including corticosteroids, the study was restricted to a small sample size. It is important to note that this descriptive data analysis aimed to provide initial insights in the relevant topic of oxygenation- related HPA recovery, and the limited sample size emphasises the need for cautious interpretation of our findings. However, according to our restrictive in clusion and exclusion criteria, we were able to observe unbiased total cortisol values of the same patients at multiple occasions along a predefined timeline; wherefore, we considered our data eligible to determine adrenal insufficiency during this critical condition. The lack of a control group consisting of critically ill COVID-19 patients without ECMO support further restricts our study to its descriptive character. The design of a control group in a prospective setting might be challenging, since the time point of study inclusion would be difficult to compare between groups. Nevertheless, the implementation of a control group to investigate ECMO related HPA axis signalling with a comparable inclusion time point may contribute to an increase in explanatory power of future studies. Regarding the duration of critical illness, there was no present information of initial ICU admission, since most patients were transferred from other ICUs to receive ECMO support at our centre. Thus, we considered previously reported invasive mechanical ventilation as time frame of critical illness before ECMO, according to which most patients were in the chronic phase of critical illness.

Due to the low number of observations in which patients presented without CIRCI during ECMO, significant differences between parameters of CIRCI and non-CIRCI were not considered reliable. Moreover, a direct comparison between groups would be beyond the scope of this descriptive analysis but should be separately evaluated in future studies.




6 Conclusions

The impairment of adrenal function in the course of prolonged critical illness has been frequently related to conditions complicating patient management. Our data indicate benefits of oxygenation support for adrenal function in prolonged COVID-19 ARDS and provide additional information on the necessity of glucocorticoids during vvECMO support. If a partial recovery of the adrenal glands after the improvement of oxygenation can be expected in similar populations, and if cortisol might subsequently serve as marker for the adrenal response to disease severity in those patients demand further evaluation. However, the investigation of hypoxia treatment via vvECMO as indicator for adrenal rehabilitation in CIRCI marks a novel approach, which might be of use in future studies to further determine the influence of oxygenation support on adrenal function. Considering ARDS, finding a causality between each respective underlying disease and CIRCI development may prove as another important step to individual patient management.





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Ethics statement

The study was approved by the ethics committee of the Medical University of Vienna (#1694/2018). The studies were conducted in accordance with the local legislation and institutional requirements. The human samples used in this study were acquired from primarily isolated as part of your previous study for which ethical approval was obtained.Written informed consent was obtained.





Author contributions

CB: Conceptualization, Data curation, Investigation, Methodology, Software, Visualization, Writing – original draft, Writing – review & editing. PW: Conceptualization, Funding acquisition, Investigation, Project administration, Supervision, Writing – review & editing. AH: Data curation, Writing – review & editing. SK: Data curation, Writing – review & editing. MM: Data curation, Writing – review & editing. DL: Data curation, Writing – review & editing. MP: Visualization, Writing – review & editing. OD: Visualization, Writing – review & editing. KK: Formal Analysis, Supervision, Visualization, Writing – review & editing. JS: Formal Analysis, Writing – review & editing. AK-W: Writing – review & editing. MK: Formal Analysis, Supervision, Writing – review & editing. MH: Conceptualization, Data curation, Formal Analysis, Funding acquisition, Methodology, Resources, Supervision, Validation, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This study was mainly funded by a grant from the Medical Scientific Fund of the Mayor of the City of Vienna (Project number: 19040) attributed to MH, as well as in parts by a grant from the Medical Scientific Fund of the Mayor of the City of Vienna (Project number: COVID032) attributed to PW.





Conflict of interest

This study was mainly funded by a grant from the Medical Scientific Fund of the Mayor of the City of Vienna (Project number: 19040) attributed to MH, as well as in parts by a grant from the Medical Scientific Fund of the Mayor of the City of Vienna (Project number: COVID032) attributed to PW.

KK reports travel expenses from Biotest GmbH and grants from Apeptico GmbH, Biotest GmbH, Bayer AG and Alterras GmbH. The authors MP and OD were employed by Attoquant Diagnostics, Vienna, Austria.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.




Abbreviations


Ang, angiotensin; ARDS, acute respiratory distress syndrome; BIPAP, biphasic positive airway pressure; CIRCI, critical- illness- related corticosteroid insufficiency; COVID-19, coronavirus infectious disease 2019; ECMO, extracorporeal membrane oxygenation; GC, glucocorticoids; HPA axis, hypothalamic–pituitary–adrenal axis; ICU, intensive care unit; IMV, invasive mechanical ventilation; PEEP, positive end-expiratory pressure; PRA-S, plasma renin activity; RAAS, renin–angiotensin–aldosterone system; SAPS3, simplified acute physiology score 3; vv, veno-venous.




References

1. Bernhardt, AM, Schrage, B, Schroeder, I, Trummer, G, Westermann, D, and Reichenspurner, H. Extracorporeal membrane oxygenation. Deutsches Ärzteblatt Int (2022) 119(13):235–44. doi: 10.3238/arztebl.m2022.0068

2. Russell, G, and Lightman, S. The human stress response. Nat Rev Endocrinol (2019) 15(9):525–34. doi: 10.1038/s41574-019-0228-0

3. Téblick, A, Gunst, J, and Van Den Berghe, G. Critical illness–induced corticosteroid insufficiency: what it is not and what it could be. J Clin Endocrinol Metab (2022) 107(7):2057–64. doi: 10.1210/clinem/dgac201

4. Nethathe, GD, Lipman, J, Anderson, R, and Feldman, C. CIRMI—a new term for a concept worthy of further exploration: a narrative review. Ann Transl Med (2022) 10(11):646–6. doi: 10.21037/atm-21-5572

5. Peeters, B, Meersseman, P, Vander Perre, S, Wouters, PJ, Vanmarcke, D, Debaveye, Y, et al. Adrenocortical function during prolonged critical illness and beyond: a prospective observational study. Intensive Care Med (2018) 44(10):1720–9. doi: 10.1007/s00134-018-5366-7

6. Mao, Y, Xu, B, Guan, W, Xu, D, Li, F, Ren, R, et al. The adrenal cortex, an underestimated site of SARS-coV-2 infection. Front Endocrinol (2021) 11:593179. doi: 10.3389/fendo.2020.593179

7. Altshuler, NE, Kutcyi, MB, Kruglyakov, NM, Gubarev, KK, Bagzhanov, GI, and Popugaev, KA. Changes in the pituitary-adrenal system for extracorporal membrane oxygenation: prospective study. Ann Crit Care (2022) 3):69–81. doi: 10.21320/1818-474X-2022-3-69-81

8. Dong, M, Chen, S, Lin, S, Han, F, and Zhong, M. Insights into COVID-19-associated critical illness: a narrative review. Ann Transl Med (2023) 11(5):220–0. doi: 10.21037/atm-22-2541

9. Hermann, M, Laxar, D, Krall, C, Hafner, C, Herzog, O, Kimberger, O, et al. Duration of invasive mechanical ventilation prior to extracorporeal membrane oxygenation is not associated with survival in acute respiratory distress syndrome caused by coronavirus disease 2019. Ann Intensive Care (2022) 12(1):6. doi: 10.1186/s13613-022-00980-3

10.parameter list [Internet]. AKH Vienna: clinical institute of laboratory medicine (2023). Available at: https://www.akhwien.at/default.aspx?pid=3985.

11. Téblick, A, Peeters, B, Langouche, L, and Van Den Berghe, G. Adrenal function and dysfunction in critically ill patients. Nat Rev Endocrinol (2019) 15(7):417–27. doi: 10.1038/s41574-019-0185-7

12. Annane, D, Pastores, SM, Rochwerg, B, Arlt, W, Balk, RA, Beishuizen, A, et al. Guidelines for the diagnosis and management of critical illness-related corticosteroid insufficiency (CIRCI) in critically ill patients (Part I): society of critical care medicine (SCCM) and european society of intensive care medicine (ESICM) 2017. Crit Care Med (2017) 45(12):2078–88. doi: 10.1097/CCM.0000000000002737

13. Basu, R, Poglitsch, M, Yogasundaram, H, Thomas, J, Rowe, BH, and Oudit, GY. Roles of angiotensin peptides and recombinant human ACE2 in heart failure. J Am Coll Cardiol (2017) 69(7):805–19. doi: 10.1016/j.jacc.2016.11.064

14. Pavo, N, Goliasch, G, Wurm, R, Novak, J, Strunk, G, Gyöngyösi, M, et al. Low- and high-renin heart failure phenotypes with clinical implications. Clin Chem (2018) 64(3):597–608. doi: 10.1373/clinchem.2017.278705

15. Wolf, P, Mayr, J, Beiglböck, H, Fellinger, P, Winhofer, Y, Poglitsch, M, et al. Identifying a disease-specific renin–angiotensin–aldosterone system fingerprint in patients with primary adrenal insufficiency. Eur J Endocrinology. (2019) 181(1):39–44. doi: 10.1530/EJE-19-0086

16. Guo, Z, Poglitsch, M, McWhinney, BC, Ungerer, JPJ, Ahmed, AH, Gordon, RD, et al. Measurement of equilibrium angiotensin II in the diagnosis of primary aldosteronism. Clin Chem (2020) 66(3):483–92. doi: 10.1093/clinchem/hvaa001

17. Burrello, J, Buffolo, F, Domenig, O, Tetti, M, Pecori, A, Monticone, S, et al. Renin-angiotensin-aldosterone system triple-A analysis for the screening of primary aldosteronism. Hypertension (2020) 75(1):163–72. doi: 10.1161/HYPERTENSIONAHA.119.13772

18. Aubron, C, Cheng, AC, Pilcher, D, Leong, T, Magrin, G, Cooper, DJ, et al. Factors associated with outcomes of patients on extracorporeal membrane oxygenation support: a 5-year cohort study. Crit Care (2013) 17(2):R73. doi: 10.1186/cc12681

19. Datzmann, T, and Träger, K. Extracorporeal membrane oxygenation and cytokine adsorption. J Thorac Dis (2018) 10(S5):S653–60. doi: 10.21037/jtd.2017.10.128

20. Suarez-Bregua, P, Guerreiro, PM, and Rotllant, J. Stress, glucocorticoids and bone: A review from mammals and fish. Front Endocrinol (2018), 9, 526. doi: 10.3389/fendo.2018.00526

21. Lan, C, Tsai, PR, Chen, YS, and Ko, WJ. Prognostic factors for adult patients receiving extracorporeal membrane oxygenation as mechanical circulatory support-A 14-year experience at a medical center. Artif Organs. (2010) 34(2):E59–64. doi: 10.1111/j.1525-1594.2009.00909.x

22. Yi, Y. Post-hypercapnic alkalosis: A brief review. Electrolyte Blood Press (2023) 21(1):18. doi: 10.5049/EBP.2023.21.1.18

23. Reindl-Schwaighofer, R, Hödlmoser, S, Domenig, O, Krenn, K, Eskandary, F, Krenn, S, et al. The systemic renin-angiotensin system in COVID-19. Sci Rep (2022) 12(1):20117. doi: 10.1038/s41598-022-24628-1

24. Tran, A, Fernando, SM, Rochwerg, B, Barbaro, RP, Hodgson, CL, Munshi, L, et al. Prognostic factors associated with mortality among patients receiving venovenous extracorporeal membrane oxygenation for COVID-19: a systematic review and meta-analysis. Lancet Respir Med (2023) 11(3):235–44. doi: 10.1016/S2213-2600(22)00296-X

25. Sezer, S, Bal, C, Kalem, AK, Kayaaslan, B, Eser, F, Hasanoglu, İ, et al. COVID-19 patients with altered steroid hormone levels are more likely to have higher disease severity. Endocrine (2022) 78(2):373–9. doi: 10.1007/s12020-022-03140-6

26. Ahmadi, I, Estabraghnia Babaki, H, Maleki, M, Jarineshin, H, Kaffashian, MR, Hassaniazad, M, et al. Changes in Physiological Levels of Cortisol and Adrenocorticotropic Hormone upon Hospitalization Can Predict SARS-CoV-2 Mortality: A Cohort Study. Borretta G, editor. Int J Endocrinology. (2022) 2022:1–7. doi: 10.1155/2022/4280691

27. Schorr, M, Lawson, EA, Dichtel, LE, Klibanski, A, and Miller, KK. Cortisol measures across the weight spectrum. J Clin Endocrinol Metab (2015) 100(9):3313–21. doi: 10.1210/JC.2015-2078

28. Bloom, SR, Edwards, AV, and Hardy, RN. Adrenal and pancreatic endocrine responses to hypoxia and hypercapnia in the calf. J Physiol (1977) 269(1):131–54. doi: 10.1113/jphysiol.1977.sp011896

29. Zhang, N, Zhou, Z, Huang, Y, Wang, G, Tang, Z, Lu, J, et al. Reduced hydrogen sulfide production contributes to adrenal insufficiency induced by hypoxia via modulation of NLRP3 inflammasome activation. Redox Rep (2023) 28(1):2163354. doi: 10.1080/13510002.2022.2163354

30. Van Den Berghe, G. On the neuroendocrinopathy of critical illness. Perspectives for feeding and novel treatments. Am J Respir Crit Care Med (2016) 194(11):1337–48. doi: 10.1164/rccm.201607-1516CI

31. Wei, P, Li, Y, Wu, L, Wu, J, Wu, W, Chen, S, et al. Serum cortisol levels and adrenal gland size in patients with chronic obstructive pulmonary disease. Am J Transl Res (2021) 13(7):8150–7.

32. Boonen, E, Vervenne, H, Meersseman, P, Andrew, R, Mortier, L, Declercq, PE, et al. Reduced cortisol metabolism during critical illness. N Engl J Med (2013) 368(16):1477–88. doi: 10.1056/NEJMoa1214969

33. Agus, MSD, and Jaksic, T. Critically low hormone and catecholamine concentrations in the primed extracorporeal life support circuit. ASAIO J (2004) 50(1):65–7. doi: 10.1097/01.MAT.0000105325.09779.FB

34. Luan, Y, Luan, Y, He, H, Jue, B, Yang, Y, Qin, B, et al. Glucose metabolism disorder: a potential accomplice of SARS-CoV-2. Int J Obes (2023) 47(10):893–902. doi: 10.1038/s41366-023-01352-y

35. Popkin, BM, Du, S, Green, WD, Beck, MA, Algaith, T, Herbst, CH, et al. Individuals with obesity and COVID-19: A global perspective on the epidemiology and biological relationships. Obes Rev (2020) 21(11):e13128. doi: 10.1111/obr.13128




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2024 Baumgartner, Wolf, Hermann, König, Maleczek, Laxar, Poglitsch, Domenig, Krenn, Schiefer, Kautzky-Willer, Krebs and Hermann. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fendo-14-1321511-g001.jpg
nnnnnnnn
= o'





OEBPS/Images/fendo.2023.1321511_cover.jpg
& frontiers | Frontiers in Endocrinology

Profiling endogenous adrenal function
during veno-venous ECMO support in
COVID-19 ARDS: a descriptive analysis





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Profiling endogenous adrenal function during veno-venous ECMO support in COVID-19 ARDS: a descriptive analysis

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          1 Background

        



        		

          2 Methods

        

          		

            2.1 Study population and specific blood sampling

          



          		

            2.2 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Disease course during the observation period

          



          		

            3.2 Adrenal function during vvECMO support

          



          		

            3.3 Relationship between hypocortisolism, clinical parameters, and outcome

          



        



        



        		

          4 Discussion

        

          		

            4.1 Prolonged respiratory failure as a model for CIRCI development

          



          		

            4.2 The adrenal response to extracorporeal life support

          



          		

            4.3 Severe ARDS: lessons learned from COVID-19

          



        



        



        		

          5 Limitations

        



        		

          6 Conclusions

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/fendo-14-1321511-g003.jpg





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Pre-ECMO One week Two weeks

poverall
N=4 N=9 6

Hacmogobin, gL 560 (835-9.10) 850 (770-9.10) 890 (830- 930) 830095879 0306 7
Platlet count, G/L 253 206-399) 213 054- 20) 159 100-259) 164 126- 209) 0153 F]
Leskosytes GIL 907 (833 11) 932 (531- 107) 853 (531 112) 2061150 o776 z
PIT s 816458 87673479 92 451- 60 555 (531-703) oo z
Fibrinogen, mg/dl. 1063 (798- 1105) 528 (509- 789) @0 (173- 615) 506 (425- 570) 0262 z
cRP, mgal 29 (185-212) 2072-29) 974 (849-212) 197 (192-219) 0406 7
16, pymL. 151 (13- 220) 723 @36- 143) 131 076-199) 077 »
Procactoin, nyml 032 026-035) 085 04- 101) 038029-052) 031 (030- 105) 0253 =
Serum creatinine, my/dL 079 069- 095) 072 067-09) 076 065 097) 092 (065-146) o915 7
Blood ura niteogen, mg/dl. 03 240-369) 317 @8- 37) 355 (18- 400) 304 @57-499) 086 7
Sodiam, mmolL. 16 (146- 148) 147 (145- 150) 143039- 147) 14 (142- 146) oas 3
Potasium, mmollL 470 (452- 430) 390 (370 440) 420 (400- 460) 470 (135- 502) o052 2
Chlorid, mmaln. 106 (105- 108) 108 106- 109) 106 103- 111) 108 103- 110) o764 2
Caleium, mmolL 210 @09-217) 215@12-219) 21400218 030 z
Magnesium, mmoll. 096 (050-096) 091 (056 09%) 090 (039-093) 036 02- 101) 0590 z

234 (225- 240 47 (227-254) 269 (261-309) 270 (264- 302) oom z
ASAT, UL 0 (80- 500) 80 (350-510) 0 (50- 860) 165 (335- 565) o2t »
ALAT, UL 250 (250- 390) 30070430 200 (670-95.0) 315 (280- 125) oo z
¥GT, UL 467 (438 45) 291 024- 410) 8 (1= 1162) 406 (236- 639) o038 7
1om, UL 2862 309) 390 (296 398) 3685 576) 470 (130- 600) oo z
“Toul bilinbin, mg/dL. 063 061-097) 115 047 132) 106 061239 126103 140) o616 7
PO mmig. 60 (521- 385) 849 (782-965) 789 (762- 852) 8 (663-759) 016 2
PCOs, mmig 772 (716- 850 63 (128-519) 83 @17-503) 500 (180- 525) oo B
BE. mEqlL 540 (420- 765 730 (120- 950) 170 (350- 610) 370 00-747) 0279 2
Lactate, mimol 060 (035- 102) 100 030- 1.30) 120 030- 140) 100 0e2- 159 o075 2
Horovieindex (p.O/FO,) 5 @13 1210) 130 104199 127 012- 137) 975 095- 100) o B
PEEP, 1,0 134020 146) 131 (100-140) 113 (100- 120) 8001 111) o000 B
Ppeak. ami;0 93@87-303) 261 @3- 27) 273 @59-302) 9062318 02 2
Respiatory rate 191 058-229) 120 (66- 138) 147 (133- 169 200055-201) 0% 2
Tl volume, L. 357 (330-389) 231 74-302) 21091-329) 208 (172-292) 0200 =
Cortisl, ol 172033331 114010 199 207 969-271) 215092-322) oai2 2
Adosterone, ol 665 260 331) 517 @16- 187) 933 (111-129) 100 (100-312) 0255 2

A parietes e gien s medon (IQR). Bl pramcers diflred gty bween groups ccording o Keskal-llis st (anral).Horowit ndes,PEEP, Pk, espitony e, and
sl ol fo cachobscrvaton wire ecrded 5 he s vl bservedovethe rspeine dy i ach patin. ALAT,alnine amimoianseas; AT, sparae amioranseras B, b
exess R, C.esctive proten 1.6, .GT, Gamma-ghamylansess 1., ncrukin.6: LDH, Lacse dydrogens; 0 prtisl prsane of crbon doxide: PEEP, poskive .
eptetoey yecevece . rutel Jocesese o enzgees PPk pesk iepleteny peceivecs FIT, pastiel thowbopliotia e






OEBPS/Images/logo.jpg
, frontiers ’ Frontiers in Endocrinology





OEBPS/Images/fendo-14-1321511-g002.jpg
’ o [ ey
LTl .

oatstdosterons

b S

Geamnaticy





OEBPS/Images/table1.jpg
Age,years

Sex:
female
male

BMI kg/m?

1CU-length of say, days

i the frst 28 days
SAPS3 sore

Horovit ndex (p0LFO5)

Durion of il illss before ECMO, days
Deah a 1CU

Mean ECMO-blood low. L.

Mean ECMO-gasflow, 1

ECMO-duration, days

At bypertension,

Chronic heart discase,

Obesity,

Type:2 dibetes n

Chroni respratory dissse,

General bl

Gastcintstnal bleding
iy bloding
Percadil clfsion
Haematathorax
Pulmonary embolsm

Pocumothoras.

62(53-66)

1%
10 00%)
28 @57- 298
26 @2-40)
009
680 (565-743)
957 (72- 1590)
106-12)

5 15%)

371 652- 409

101 (05~

)
209 (130-291)
6(55%)
3@
208%)

6 (55%)
208%)
3@
1o%)

5 (5%
3em)
1o%)
3em)

1ow)

Al qualiatie parameters re givn as count (perentage). and ll quantitative parameters are
ivn as median (IQR). ECMO Bood and g lw fo cach ptient were rcorded as the mean
Vel absrved ove the e of ECMO support. Dration of critcal s bcfore ECMO was
cciuiSornd g dnoiston: o noskns shichatin] easiulion bufbes GO,





