

  ijms-23-15687




ijms-23-15687







Int. J. Mol. Sci. 2022, 23(24), 15687; doi:10.3390/ijms232415687




Article



Shrunken Pore Syndrome Is Frequently Occurring in Severe COVID-19



Anders O. Larsson 1[image: Orcid], Michael Hultström 2,3,4,5[image: Orcid], Robert Frithiof 2[image: Orcid], Miklos Lipcsey 2,6[image: Orcid] and Mats B. Eriksson 2,7,*[image: Orcid]





1



Department of Medical Sciences, Section of Clinical Chemistry, Uppsala University, 751 85 Uppsala, Sweden






2



Department of Surgical Sciences, Anaesthesiology and Intensive Care Medicine, Uppsala University, 751 85 Uppsala, Sweden






3



Department of Medical Cell Biology, Integrative Physiology, Uppsala University, 751 23 Uppsala, Sweden






4



Department of Epidemiology, McGill University, Montréal, QC H3A 0G4, Canada






5



Lady Davis Institute of Medical Research, Jewish General Hospital, Montréal, QC H3T 1E2, Canada






6



Hedenstierna Laboratory, Department of Surgical Sciences, Uppsala University, 751 85 Uppsala, Sweden






7



NOVA Medical School, New University of Lisbon, 1099-085 Lisbon, Portugal









*



Correspondence: mats.eriksson@surgsci.uu.se; Tel.: +46-18-6110000







Academic Editor: Malgorzata Kloc



Received: 10 November 2022 / Accepted: 7 December 2022 / Published: 10 December 2022



Abstract

:

A selective decrease in the renal filtration of larger molecules is attributed to the shrinkage of glomerular pores, a condition termed Shrunken Pore Syndrome (SPS). SPS is associated with poor long-term prognosis. We studied SPS as a risk marker in a cohort of patients with COVID-19 treated in an intensive care unit. SPS was defined as a ratio < 0.7 when the estimated glomerular filtration rate (eGFR), determined by cystatin C, calculated by the Cystatin C Caucasian-Asian-Pediatric-Adult equation (CAPA), was divided by the eGFR determined by creatinine, calculated by the revised Lund–Malmö creatinine equation (LMR). Clinical data were prospectively collected. In total, SPS was present in 86 (24%) of 352 patients with COVID-19 on ICU admission. Patients with SPS had a higher BMI, Simplified Physiology Score (SAPS3), and had diabetes and/or hypertension more frequently than patients without SPS. Ninety-nine patients in the total cohort were women, 50 of whom had SPS. In dexamethasone-naïve patients, C-reactive protein (CRP ), TNF-alpha, and interleukin-6 did not differ between SPS and non-SPS patients. Demographic factors (gender, BMI) and illness severity (SAPS3) were independent predictors of SPS. Age and dexamethasone treatment did not affect the frequency of SPS after adjustments for age, sex, BMI, and acute severity. SPS is frequent in severely ill COVID-19 patients. Female gender was associated with a higher proportion of SPS. Demographic factors and illness severity were independent predictors of SPS.
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1. Introduction


Normally, both cystatin C and creatinine are ultrafiltered through the glomerular filtration barrier and pass into the primary urine. Renal clearance of different markers is used to determine the glomerular filtration rate (GFR), and clearance of markers of different molecular sizes can be used to infer properties of the filtration barrier. Estimated GFR (eGFR) based on endogenous markers is a reliable marker of renal function [1] that can be further improved by combining the eGFR calculated using creatinine and cystatin C [2,3]. Since creatinine has a molecular weight of 0.11 kDa, whereas cystatin C has a molecular weight of 13 kDa, changes in the differential clearance inferred by changes in the eGFRs of the two markers suggest changes in the filtration barrier [4]. In the setting of critical illness, it has been suggested that the clearance of larger molecules is reduced to a greater extent than that of smaller molecules, such as creatinine, and that this can be modeled as a shrinkage of the effective pore size of the filtration barrier [5]. This decrease in renal filtration of larger molecules (5–30 kDa) has been called the Shrunken Pore Syndrome (SPS) and can be calculated using the ratio between eGFR determined by cystatin C, and the eGFR calculated by creatinine [5]. It has been suggested that SPS may be an independent predictor of mortality and morbidity [6,7,8]. Furthermore, SPS is associated with increased mortality after cardiac surgery and during sepsis [9,10]. During hemorrhagic fever with renal syndrome (HFRS), 41% of the patients had SPS, which was associated with the degree of inflammatory activation [11]. SPS is defined as the cystatin C-based estimation of the glomerular filtration rate being less than 0.6, or 0.7 for a creatinine-based GFR estimation, in the absence of extrarenal influences on cystatin C or creatinine concentrations [7].



COVID-19 is primarily a respiratory disease that causes critical illness due to respiratory failure. However, it can affect all organ systems with multiple manifestations [12]. Kidneys are frequently affected during severe COVID-19 resulting in acute kidney injury (AKI). Therefore, our group has paid considerable attention to AKI caused by COVID-19 [13,14,15,16,17,18]. To the best of our knowledge, SPS has not previously been studied in COVID-19.



Against this background, we aimed to characterize the clinically relevant and potentially prognostic aspects of SPS in ICU-treated patients with COVID-19.




2. Results


The median age was 64 years across the two hundred fifty-three men (IQR: 56–73) and the ninety-nine women (IQR: 50–75). Plasma cystatin C and creatinine were sampled at ICU admission, respectively. Eighty-six patients (24%) had shrunken pore syndrome (SPS) at ICU admission. Of the patients with SPS, diabetes mellitus was present in 46% (p= 0.01), and hypertension was present in 70% (p = 0.02).



An amount of 50 of the 99 women (51%) in our cohort (n = 352) had eGFRCAPA/eGFRLMR < 0.7; in men, the corresponding numbers were 36 of 253 (14%). BMI was 29 (26–33) in non-SPS patients and 31 (27–33) in patients with SPS, respectively. SAPS3 was 52 (46–57) in patients without SPS and 57 (52–65) in patients with SPS, respectively.



The median age among patients without SPS was 62 (52–72), and 67 (60–72) in those with SPS, respectively (n.s.). Patients without SPS had been ill with COVID-19 for 10 days (8–12) days, whereas patients with SPS had been sick for 11 (9–13) days (n.s.).



In patients admitted to ICU before 22 June 2020, dexamethasone was not administered. Nineteen of the 119 patients not given dexamethasone had SPS (16%), whereas 71 of the 251 patients (28%) admitted after this date fulfilled SPS criteria at ICU admission.



On the whole, CRP (C-reactive protein) increased from 144 (80–207) on day 1 to a maximal value of 201 (131–299; p <0.00001) during the ICU stay. In dexamethasone-naïve patients without SPS, CRP increased from 169 (120–237) on day 1 to a maximal level of 286 (186–359; p < 0.0001).



D-dimer (mg/L) in SPS patients was 2 (2.8–4.4), and 3.4 (1.7–8.25) in non-SPS patients, respectively (n.s.). The median ICU stay was 8 days in both SPS and non-SPS patients. Thirty-day mortality in SPS patients was 26% and 21% in those without SPS (n.s.).



During the ICU stay, SPS was associated with a higher maximal AKI grade, according to KDIGO stages [19] [median: 1 (IQR: 0–1)], than those observed in patients without SPS (0–1; p = 0.01). In patients with SPS, the median (IQR) maximal value of cystatin C (mg/L) during ICU stay was 2 (1.6–28), and 1.6 (1.2–23) in those without SPS (<0.00001). Corresponding data for creatinine (micromoles/L) were 88 (65–122) and 86 (69–117), respectively (n.s.). PF-quotient (kPa/FiO2) was 11 (9–13) in ICU-treated COVID-19 patients both with and without SPS. Treatment with dialysis was similar in SPS patients (with/without dialysis 8/87) and non-SPS patients (26/250).



Plasma levels of TNF-alpha (ng/L) in dexamethasone-naïve patients with SPS had a median of 49 (45–60), and in non-SPS patients, the median was 57 (45–110)] (n.s.). The corresponding values for IL-6 (ng/L) in plasma from dexamethasone-naïve patients was a median of 24 (17–63) for SPS patients, and a median of 32 (17–63)] for non-SPS patients (n.s.).



In single variable models, age, female gender, BMI, and SAPS3 were associated with a higher risk of SPS. Chronic kidney disease > stage 2, CRP at admission, and dialysis treatment were not predictors. Female gender, BMI, and SAPS3 were also independent predictors in a multivariable model adjusted for each with respect to age and dexamethasone treatment. The latter two were not independent predictors of SPS (Table 1).




3. Discussion


The main finding in this study is that almost a quarter of ICU-treated patients with COVID-19 had SPS, indicating an effect on the properties of the glomerular filtration barrier. The incidence of SPS is in the same range as seen with acute kidney injury in sepsis [10]. These numbers are higher than the prevalence of SPS in consecutive plasma samples from 1349 patients between 3 and 95 years of age, mainly from primary care centers, but also hospitalized patients [5], and additionally in 1382 subjectively healthy volunteers (71.9 ± 7.8 years) [6], but lower than in patients with HFRS [11]. Depending on the patient population, the incidence of SPS varies from 2.1% to 22.1% [20].



The theoretical background to the determination of SPS is based on modeling the properties of the glomerular filtration barriers using pores of different sizes to model the size selectivity of the glomerular membrane; to make this idea clinically feasible it has been extended to use endogenous markers of glomerular filtration [21,22]. However, the calculation of SPS is attached to several sources of bias, such as the influence of steroids on cystatin C [23,24,25,26], as well as the impact of both age and BMI on creatinine [27,28,29]. Such bias is prone to occur in severe diseases and should be kept in mind when SPS is evaluated. In COVID-19 patients plasma creatinine may be affected by reduced nutritional intake and muscle wasting, and also by reduced kidney function [30]. Although the estimation of SPS using eGFR is affected by non-glomerular factors, the eGFRCAPA/eGFRLMR ratio is frequently related to the likelihood of upcoming negative outcomes, such as death or other specific events [6,7,8,9,10,11,31].



Paradoxically, treatment with dexamethasone seemed to have an impact on SPS in the univariate model (Table 2). This may be explained by the negative exponent in the equation used for the calculation of eGFRCAPA. Corticosteroid treatment increases the levels of cystatin C both in plasma [23,24,25] and in cell culture [26]. Hence, when cystatin C increases, eGFRCAPA decreases and thus decreases the quotient in the SPS calculation. However, when adjustments were done for demography and illness severity, dexamethasone treatment did not turn out to be an independent predictor of SPS. According to the eGFRCAPA equation, the impact of age is considerably less expressed than the one of cystatin C.



One crucial question is whether the high frequency of SPS in our cohort, as well as others [10,11], is a consequence of an ongoing infection or whether subjects with SPS are at higher risk for severe infections due to the high incidence of co-morbidities associated with SPS [7]. Ideally, blood sampling and calculations of SPS would have been performed at a time point when the infection with COVID-19 was in its initial stage and the patients were not in need of ICU care, and thereafter at predefined time points, however, for several reasons this was not possible. In contrast to patients with HFRS [11], we did not notice any significant progressive elevation of CRP in dexamethasone-naïve patients with SPS as compared to non-SPS patients. This may be mirrored by differences in underlying diseases since ICU-treated patients with COVID-19 may suffer from a more expressed infectious condition, which may be reflected by the generally higher levels of CRP in our cohort. Hence, it seems that infection, rather than SPS, drives the elevation of CRP in severe COVID-19, although it should be noted that the maximal level of CRP recorded during the entire ICU stay was not sampled at a standardized time point. This postulate may be in agreement with decreasing levels of CRP over time in HFRS [11,32].



The plasma levels of TNF-alpha (molecular weight: 27 kDa) [33,34] and IL-6 (molecular weight: 23.7 kDa) [34] were not significantly different in SPS vs non-SPS dexamethasone-naïve patients in our cohort. The expression of CRP is increased during acute phase responses, mainly mediated by IL-6 [35] and further modulated by dexamethasone, although the timing of such application modifies the secretion of CRP after stimulation by IL-6 [36]. IL-6 has a molecular weight of 21 kDa which is slightly larger than the molecular weight of cystatin C. Thus, the clearance of IL-6 by the glomeruli should be similar to cystatin C and IL-6 should be retained in the circulation when SPS is present. The production of CRP in the liver is stimulated by IL-6 [37]. This could be the reason for the effect on CRP by SPS.



Half of the women in our cohort had SPS, which is in contrast to males, where 14% had SPS. Thus, female gender was an independent risk factor with almost 7 times the risk of SPS to that of the male gender. In patients with IgA nephropathy and membranous nephropathy, women were not overrepresented in patients with SPS. However, there was a significant association between SPS and end-stage renal disease in females, but not in males [38]. In healthy volunteers aged 60 years or older, the eGFRCYSTATIN/eGFRCKD-EPI ratio was significantly higher in women and increased progressively with age in both genders [6]. However, male gender is a known risk factor for severe COVID-19 [39]. Reversible SPS was originally reported in females as a part of normal pregnancies [5]. Possibly, there may be a gender difference or a previous episode of SPS (pregnancy) that could make a subject more prone to developing SPS in the future. Pregnancy is a risk factor for severe COVID-19 and pregnant persons are more likely to be admitted to an ICU [40]. However, ongoing pregnancy was an exclusion criterion in this study. Thus, this condition should not account for the increased proportion of women in this cohort. Another explanation for the increased incidence of SPS in women could possibly be linked to leptin. In COVID-19, this pleiotropic hormone and proinflammatory cytokine is significantly higher in women than in men [41]. In women, but not in men, increased serum leptin may contribute to a decline in eGFR that is independent of obesity and diabetes mellitus [42]. Furthermore, since leptin is elevated in non-dialyzed patients with chronic kidney disease [43], it is even more tempting to speculate about such a relationship.



We did not note any excess mortality in patients with SPS, but this may be due to a more limited observation period as compared to a study on SPS in sepsis [10] and post coronary artery bypass surgery [31]. Elevated cystatin C might have a predictive value for disease severity during the early stages of COVID-19 infections, although elevated serum creatinine levels seemed to have a superior predictive value for death [44]. The latter finding could possibly be due to a progressively unfavorable cystatin C/creatinine ratio [44]. Evaluation of cystatin C as a predictor of long-term mortality in ICUs may also indicate that SPS and mortality should be assessed during an extended period [45]. The fact that SPS was associated with AKI and higher median SPS values may be regarded as a circular argument. However, the absence of supplementary dialysis treatment in patients with SPS in our cohort is in agreement with the data on SPS in sepsis [10].



Strengths and Limitations


It is a strength that data were prospectively collected in a relatively large, essentially uniform, cohort. However, it is a drawback that this is a single-center study. In addition, data collection was performed during a period when knowledge of the management of COVID-19 increased, and thus, therapy was modified. Depending on the varying numbers of severely ill patients with COVID-19, the criteria for ICU admission may have varied.





4. Materials and Methods


4.1. Study Population


The present study is a sub-study of the single-center, prospective observational cohort called PronMed performed at the Intensive Care Units at Uppsala University Hospital that cared for critically ill COVID-19 patients during the pandemic. Adult patients, having severe COVID-19 infections that needed intensive care treatment were screened for inclusion in this study. Pregnancy, breastfeeding, and pre-existing end-stage renal failure with chronic dialysis were exclusion criteria. The diagnosis of COVID-19 was confirmed with a positive polymerase chain reaction (PCR) test of a nasopharyngeal sample. Baseline parameters such as age, gender, and BMI were recorded on admission to the ICU, and information on comorbidities was extracted from the medical records. Data, including Simplified Physiology Score (SAPS-3) [46,47] and the ratio of arterial oxygen tension to inspiratory oxygen fraction (P/F-ratio) [48], were collected between 14 March 2020 and 10 March 2021. Blood sampling for biochemical analyses was performed as part of routine care. The median time (IQR) with Covid-19 before ICU admission was 10 days (8–12). From 22 June 2020 and onwards, patients with COVID-19 and in need of supplemental oxygen therapy received dexamethasone at 6 mg daily. Demographic data at ICU arrival are shown in Table 2.




4.2. Kidney Function


AKI-stage was calculated according to the KDIGO guidelines for diagnosis and treatment of AKI based on the increase in plasma creatinine (pCr) only, as we have shown that urine volumes are not predictive of kidney tissue damage [15]. Baseline pCr was determined from the laboratory database in the year before hospitalization if available. Chronic kidney disease was defined as chronic kidney disease (CKD) stage 3 or greater, based on eGFR-creatinine < 60 mL/min in the year before hospitalization for COVID-19 [49].




4.3. Ethical Approval


The study was performed in accordance with ethical principles that have their origin in the Declaration of Helsinki [50] and are consistent with ICH/GCP E6 (R2), EU Clinical Trials Directive, and applicable local regulatory requirements. The study was approved by the National Ethical Review Agency Dnr 2017-043 (with amendments 2019-00169, 2020-01623, 2020-02719, 2020-05730, 2021-01469) and 2022-00526-01. Informed consent was obtained from all participating patients or given by their next of kin if the patient was unable to give consent. The protocol of the study was registered a priori (Clinical Trials ID: NCT04316884). The study was performed according to relevant directives. The STROBE guidelines were followed in reporting [51].




4.4. Laboratory Analyses


Samples were taken at admission to the ICU as part of their routine procedure. Plasma creatinine [revised Lund-Malmö GFR estimating equation (LMR)] [27] was analyzed at the department of clinical chemistry and pharmacology, Uppsala University Hospital, Uppsala using an IDMS calibrated enzymatic method on Roche Cobas Pro (Roche Diagnostics, Rotkreuz, Switzerland). The laboratory is accredited by Swedac (Borås, Sweden). ISO 15189:2012 specifies the requirement for quality and competence in the laboratory, which is participating in Equalis (Uppsala, Sweden) external quality assurance programs for creatinine. Cystatin C Caucasian-Asian-Pediatric-Adult (CAPA) [28] was analyzed on an Architect ci16200 (Abbot Laboratories, Abbott Park, IL, USA) with IDMS-calibrated enzymatic creatinine reagents from the same manufacturer, and cystatin C reagents were from Gentian AS (Moss, Norway). Plasma tumor necrosis factor alpha (TNF-alpha) and interleukin 6 (IL-6) were analyzed with the commercial sandwich ELISA kits, (DY210 and DY206 R&D Systems, Minneapolis, MN, USA). The total coefficient of variations for the assays were approximately 7%.



High-sensitivity plasma CRP was analyzed by a particle-enhanced turbidimetric assay (PETIA) at ICU admission, and continuously during ICU stay. The maximal CRP was noted.




4.5. Calculations of Renal Performance


The following equations were used to estimate the glomerular filtration rate (eGFR) by cystatin C (eGFRCAPA) and LMR (eGFRLMR), respectively. Both equations depend on age, and in addition, LMR also depends on gender. eGFRCAPA: 130 × plasma cystatin C−1.069 × Age−0.117 − 7 [52]. eGFRLMR: eX − 0.0158 × Age + 0.438 × ln(Age), where X = 2.50 + 0.0121 × (150 − pCr < 150) and X = 2.50 − 0.926 × ln(pCr/150), respectively in females where plasma creatinine (pCr) was <150 and ≥150, respectively, and X = 2.56 + 0.00968 × (180 − pCr) and X = 2.56 − 0.926 × ln(pCr/180), respectively in males where pCr was <180 and ≥180, respectively [29]. Estimations of absolute GFR in mL/min were performed using the CAPA equation [53] and the 2011 LMR equation [27]. Primarily, both equations estimate relative GFR in mL/min/1.73 m2, and were thus deindexed for body surface area using the DuBois equation [54,55]. The CAPA equation had a median bias of −5.7 mL/min [52], whereas the median bias for LMR was 0.7 mL/min [56]. Shrunken Pore Syndrome (SPS) was defined as eGFRCAPA/eGFRLMR < 0.7 [27,29].




4.6. Statistical Analysis


Descriptive statistics are presented as medians and interquartile ranges, respectively [IQR (1st quartile—3rd quartile)] for continuous variables. In a univariate logistic regression model, we identified potential predictors of SPS. These predictors were then included in a multivariate logistic regression model as an adjusted model. Logistic regression was calculated using Statistica software, version 14 (StatSoft, Tulsa, OK, USA). The Mann–Whitney U test and Chi-square statistic with Yates correction (Social Science Statistics) were used. p < 0.05 was considered significant.





5. Conclusions


This study focuses on the incidence and risk factors for SPS in patients with COVID-19 at ICU admission. Female gender, BMI, and illness severity were independent predictors of SPS in this cohort. In patients with SPS treated with dexamethasone, CRP was lower than in steroid-treated patients without SPS. The application of a multivariate model adjusted for age, gender, BMI, and SAPS3, and treatment with dexamethasone, contradicted any hypothetical impact of dexamethasone on the eGFRCAPA/eGFRLMR calculation.







Author Contributions


A.O.L., M.B.E., M.L., R.F. and M.H. conceived the present study. M.L., R.F., M.H. and the Intensive Care COVID-19 research group collected patient data. A.O.L. analyzed the blood samples. A.O.L., M.B.E. and M.L. performed data analysis. A.O.L., M.B.E. and M.L. drafted the original manuscript. M.L. and M.B.E. performed statistical analyses. All authors participated in the revisions of the manuscript. All authors read, commented and approved the final manuscript for publication. All authors have read and agreed to the published version of the manuscript.




Funding


The study was funded by the SciLifeLab/Knut and Alice Wallenberg national COVID-19 research program (M.H.: KAW 2020.0182, KAW 2020.0241), the Swedish Heart-Lung Foundation (M.H.: 20210089, 20190639, 20190637), the Swedish Research Council (R.F.: 2014-02569, 2014-07606), The Swedish Kidney Foundation (R.F.: F2020-0054), and The Swedish Society of Medicine (M.H. SLS-938101). Funding bodies had no role in the design of the study, data collection, interpretation, or in the writing of the manuscript.




Institutional Review Board Statement


This study was performed in accordance with ethical principles that have their origin in the Declaration of Helsinki [24] and consistent with ICH/GCP E6 (R2). The study was approved by the National Ethical Review Agency Dnr 2017-043 (with amendments 2019-00169, 2020-01623, 2020-02719, 2020-05730, 2021-01469) and 2022-00526-01. Informed consent was obtained from all participating patients or given by proxy if the patient was unable to give consent. The protocol of the study was registered a priori at Clinical Trials ID: NCT04316884. The study was performed according to relevant directives.




Informed Consent Statement


Written informed consent was obtained from all subjects participating in the study, or next-in-kin if the patient was unable to give consent.




Data Availability Statement


Datasets used and/or analyzed during the current study are available from the corresponding author on reasonable request (https://doi.org/10.17044/scilifelab.14229410, accessed on 10 November 2022).




Acknowledgments


The authors thank research nurses Joanna Wessbergh and Elin Söderman for their expertise in compiling patient data, biobank assistants Philip Karlsson, Erik Danielsson, Labolina Spång and Amanda Svensson for sample collection and patient inclusion, and the collaborators of the Uppsala Intensive Care COVID-19 research group.




Conflicts of Interest


The authors have no conflict of interest to declare.




References


	



Grubb, A. Non-invasive estimation of glomerular filtration rate (GFR). The Lund model: Simultaneous use of cystatin C- and creatinine-based GFR-prediction equations, clinical data and an internal quality check. Scand. J. Clin. Lab. Investig. 2010, 70, 65–70. [Google Scholar] [CrossRef] [PubMed]

	



Grubb, A.; Nyman, U.; Björk, J. Improved estimation of glomerular filtration rate (GFR) by comparison of eGFRcystatin C and eGFRcreatinine. Scand. J. Clin. Lab. Investig. 2012, 72, 73–77. [Google Scholar] [CrossRef] [PubMed]

	



Nyman, U.; Grubb, A.; Sterner, G.; Björk, J. Different equations to combine creatinine and cystatin C to predict GFR. Arithmetic mean of existing equations performs as well as complex combinations. Scand. J. Clin. Lab. Investig. 2009, 69, 619–627. [Google Scholar] [CrossRef] [PubMed]

	



Grubb, A. Glomerular filtration and shrunken pore syndrome in children and adults. Acta Paediatr. 2021, 110, 2503–2508. [Google Scholar] [CrossRef] [PubMed]

	



Grubb, A.; Lindström, V.; Jonsson, M.; Bäck, S.E.; Åhlund, T.; Rippe, B.; Christensson, A. Reduction in glomerular pore size is not restricted to pregnant women. Evidence for a new syndrome: ‘Shrunken pore syndrome’. Scand. J. Clin. Lab. Investig. 2015, 75, 333–340. [Google Scholar] [CrossRef]

	



Purde, M.T.; Nock, S.; Risch, L.; Medina Escobar, P.; Grebhardt, C.; Nydegger, U.E.; Stanga, Z.; Risch, M. The cystatin C/creatinine ratio, a marker of glomerular filtration quality: Associated factors, reference intervals, and prediction of morbidity and mortality in healthy seniors. Transl. Res. 2016, 169, 80–90.e81-82. [Google Scholar] [CrossRef]

	



Åkesson, A.; Lindström, V.; Nyman, U.; Jonsson, M.; Abrahamson, M.; Christensson, A.; Björk, J.; Grubb, A. Shrunken pore syndrome and mortality: A cohort study of patients with measured GFR and known comorbidities. Scand. J. Clin. Lab. Investig. 2020, 80, 412–422. [Google Scholar] [CrossRef]

	



Xhakollari, L.; Grubb, A.; Jujic, A.; Bachus, E.; Nilsson, P.M.; Leosdottir, M.; Christensson, A.; Magnusson, M. The Shrunken pore syndrome is associated with poor prognosis and lower quality of life in heart failure patients: The HARVEST-Malmö study. ESC Heart Fail. 2021, 8, 3577–3586. [Google Scholar] [CrossRef]

	



Herou, E.; Dardashti, A.; Nozohoor, S.; Zindovic, I.; Ederoth, P.; Grubb, A.; Bjursten, H. The mortality increase in cardiac surgery patients associated with shrunken pore syndrome correlates with the eGFR(cystatin C)/eGFR(creatinine)-ratio. Scand. J. Clin. Lab. Investig. 2019, 79, 167–173. [Google Scholar] [CrossRef]

	



Linné, E.; Elfström, A.; Åkesson, A.; Fisher, J.; Grubb, A.; Pettilä, V.; Vaara, S.T.; Linder, A.; Bentzer, P. Cystatin C and derived measures of renal function as risk factors for mortality and acute kidney injury in sepsis—A post-hoc analysis of the FINNAKI cohort. J. Crit. Care 2022, 72, 154148. [Google Scholar] [CrossRef]

	



Hansson, M.; Gustafsson, R.; Jacquet, C.; Chebaane, N.; Satchell, S.; Thunberg, T.; Ahlm, C.; Fors Connolly, A.M. Cystatin C and α-1-Microglobulin Predict Severe Acute Kidney Injury in Patients with Hemorrhagic Fever with Renal Syndrome. Pathogens 2020, 9, 666. [Google Scholar] [CrossRef] [PubMed]

	



Chams, N.; Chams, S.; Badran, R.; Shams, A.; Araji, A.; Raad, M.; Mukhopadhyay, S.; Stroberg, E.; Duval, E.J.; Barton, L.M.; et al. COVID-19: A Multidisciplinary Review. Front. Public Health 2020, 8, 383. [Google Scholar] [CrossRef] [PubMed]

	



Luther, T.; Eckerbom, P.; Cox, E.; Lipcsey, M.; Bülow, S.; Hultström, M.; Martinez Torrente, F.; Weis, J.; Palm, F.; Francis, S.; et al. Decreased renal perfusion during acute kidney injury in critical COVID-19 assessed by magnetic resonance imaging: A prospective case control study. Crit. Care 2022, 26, 262. [Google Scholar] [CrossRef] [PubMed]

	



Luther, T.; Bülow-Anderberg, S.; Larsson, A.; Rubertsson, S.; Lipcsey, M.; Frithiof, R.; Hultström, M. COVID-19 patients in intensive care develop predominantly oliguric acute kidney injury. Acta Anaesthesiol. Scand. 2021, 65, 364–372. [Google Scholar] [CrossRef] [PubMed]

	



Hultström, M.; Lipcsey, M.; Wallin, E.; Larsson, I.M.; Larsson, A.; Frithiof, R. Severe acute kidney injury associated with progression of chronic kidney disease after critical COVID-19. Crit. Care 2021, 25, 37. [Google Scholar] [CrossRef]

	



Frithiof, R.; Bergqvist, A.; Järhult, J.D.; Lipcsey, M.; Hultström, M. Presence of SARS-CoV-2 in urine is rare and not associated with acute kidney injury in critically ill COVID-19 patients. Crit. Care 2020, 24, 587. [Google Scholar] [CrossRef]

	



Larsson, A.O.; Hultström, M.; Frithiof, R.; Nyman, U.; Lipcsey, M.; Eriksson, M.B. Differential Bias for Creatinine- and Cystatin C- Derived Estimated Glomerular Filtration Rate in Critical COVID-19. Biomedicines 2022, 10, 2708. [Google Scholar] [CrossRef]

	



Larsson, A.O.; Hultström, M.; Frithiof, R.; Lipcsey, M.; Nyman, U.; Eriksson, M.B. Estimated glomerular filtration rates are higher when creatinine-based equations are compared with a cystatin C-based equation in coronavirus disease 2019. Acta Anaesthesiol. Scand. 2022. [Google Scholar] [CrossRef]

	



Kellum, J.A.; Lameire, N.; Aspelin, P.; Barsoum, R.S.; Burdmann, E.A.; Goldstein, S.L.; Herzog, C.A.; Joannidis, M.; Kribben, A.; Levey, A.S. Kidney disease: Improving global outcomes (KDIGO) acute kidney injury work group. KDIGO clinical practice guideline for acute kidney injury. Kidney Int. Suppl. 2012, 2, 1–138. [Google Scholar]

	



Zhou, H.; Yang, M.; He, X.; Xu, N. eGFR, cystatin C and creatinine in shrunken pore syndrome. Clin. Chim. Acta 2019, 498, 1–5. [Google Scholar] [CrossRef]

	



Öberg, C.M.; Rippe, B. Quantification of the electrostatic properties of the glomerular filtration barrier modeled as a charged fiber matrix separating anionic from neutral Ficoll. Am. J. Physiol. Ren. Physiol. 2013, 304, F781–F787. [Google Scholar] [CrossRef] [PubMed]

	



Rippe, B.; Öberg, C.M. Counterpoint: Defending pore theory. Perit. Dial. Int. 2015, 35, 9–13. [Google Scholar] [CrossRef] [PubMed]

	



Tsushita, H.; Tanaka, R.; Suzuki, Y.; Sato, Y.; Itoh, H. Effects of dose and type of corticosteroids on the divergence between estimated glomerular filtration rates derived from cystatin C and creatinine. J. Clin. Pharm. Ther. 2020, 45, 1390–1397. [Google Scholar] [CrossRef] [PubMed]

	



Zhai, J.L.; Ge, N.; Zhen, Y.; Zhao, Q.; Liu, C. Corticosteroids Significantly Increase Serum Cystatin C Concentration without Affecting Renal Function in Symptomatic Heart Failure. Clin. Lab. 2016, 62, 203–207. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, X.R.; Ge, N.; Wang, Y.; Zhai, J.L.; Liu, C. Corticosteroids significantly increase cystatin C levels in the plasma by promoting cystatin C production in rats. Ren. Fail. 2019, 41, 698–703. [Google Scholar] [CrossRef] [PubMed]

	



Bjarnadóttir, M.; Grubb, A.; Olafsson, I. Promoter-mediated, dexamethasone-induced increase in cystatin C production by HeLa cells. Scand. J. Clin. Lab. Investig. 1995, 55, 617–623. [Google Scholar] [CrossRef]

	



Nyman, U.; Grubb, A.; Larsson, A.; Hansson, L.O.; Flodin, M.; Nordin, G.; Lindström, V.; Björk, J. The revised Lund-Malmö GFR estimating equation outperforms MDRD and CKD-EPI across GFR, age and BMI intervals in a large Swedish population. Clin. Chem. Lab. Med. 2014, 52, 815–824. [Google Scholar] [CrossRef]

	



Björk, J.; Grubb, A.; Larsson, A.; Hansson, L.O.; Flodin, M.; Sterner, G.; Lindström, V.; Nyman, U. Accuracy of GFR estimating equations combining standardized cystatin C and creatinine assays: A cross-sectional study in Sweden. Clin. Chem. Lab. Med. 2015, 53, 403–414. [Google Scholar] [CrossRef]

	



Björk, J.; Grubb, A.; Sterner, G.; Nyman, U. Revised equations for estimating glomerular filtration rate based on the Lund-Malmö Study cohort. Scand. J. Clin. Lab. Investig. 2011, 71, 232–239. [Google Scholar] [CrossRef]

	



Cervantes-Pérez, E.; Cervantes-Guevara, G.; Martínez-Soto Holguín, M.C.; Cervantes-Pérez, L.A.; Cervantes-Pérez, G.; Cervantes-Cardona, G.A.; González-Ojeda, A.; Fuentes-Orozco, C.; Ramírez-Ochoa, S. Medical Nutrition Therapy in Hospitalized Patients With SARS-CoV-2 (COVID-19) Infection in a Non-critical Care Setting: Knowledge in Progress. Curr. Nutr. Rep. 2020, 9, 309–315. [Google Scholar] [CrossRef]

	



Dardashti, A.; Nozohoor, S.; Grubb, A.; Bjursten, H. Shrunken Pore Syndrome is associated with a sharp rise in mortality in patients undergoing elective coronary artery bypass grafting. Scand. J. Clin. Lab. Investig. 2016, 76, 74–81. [Google Scholar] [CrossRef] [PubMed]

	



Hansson, M.; Gustafsson, R.; Jacquet, C.; Chebaane, N.; Satchell, S.; Thunberg, T.; Ahlm, C.; Fors Connolly, A.-M. Pathogens-09-00666-s001 Supplementary Figures. Available online: https://www.mdpi.com/2076-0817/9/8/666/htm (accessed on 27 October 2022).

	



Peng, X.M.; Zhou, Z.G.; Glorioso, J.C.; Fink, D.J.; Mata, M. Tumor necrosis factor-alpha contributes to below-level neuropathic pain after spinal cord injury. Ann. Neurol. 2006, 59, 843–851. [Google Scholar] [CrossRef] [PubMed]

	



Fellström, B.; Helmersson-Karlqvist, J.; Lind, L.; Soveri, I.; Thulin, M.; Ärnlöv, J.; Kultima, K.; Larsson, A. Albumin Urinary Excretion Is Associated with Increased Levels of Urinary Chemokines, Cytokines, and Growth Factors Levels in Humans. Biomolecules 2021, 11, 396. [Google Scholar] [CrossRef] [PubMed]

	



C-reactive Protein · Homo Sapiens (Human) · Gene: CRP (PTX1). Available online: https://www.uniprot.org/uniprotkb/P02741/entry (accessed on 29 September 2022).

	



Depraetere, S.; Willems, J.; Joniau, M. Stimulation of CRP secretion in HepG2 cells: Cooperative effect of dexamethasone and interleukin 6. Agents Actions 1991, 34, 369–375. [Google Scholar] [CrossRef]

	



Del Giudice, M.; Gangestad, S.W. Rethinking IL-6 and CRP: Why they are more than inflammatory biomarkers, and why it matters. Brain Behav. Immun. 2018, 70, 61–75. [Google Scholar] [CrossRef]

	



Wu, Z.; Wang, L.; Li, Y.; Yao, Y.; Zeng, R. Shrunken Pore Syndrome Is Associated with Renal Function Decline in Female Patients with Kidney Diseases. Biomed. Res. Int. 2022, 2022, 2177991. [Google Scholar] [CrossRef]

	



Grasselli, G.; Greco, M.; Zanella, A.; Albano, G.; Antonelli, M.; Bellani, G.; Bonanomi, E.; Cabrini, L.; Carlesso, E.; Castelli, G.; et al. Risk Factors Associated With Mortality Among Patients With COVID-19 in Intensive Care Units in Lombardy, Italy. JAMA Intern. Med. 2020, 180, 1345–1355. [Google Scholar] [CrossRef]

	



Jamieson, D.J.; Rasmussen, S.A. An update on COVID-19 and pregnancy. Am. J. Obstet. Gynecol. 2022, 226, 177–186. [Google Scholar] [CrossRef]

	



Larsson, A.; Lipcsey, M.; Hultström, M.; Frithiof, R.; Eriksson, M. Plasma Leptin Is Increased in Intensive Care Patients with COVID-19-An Investigation Performed in the PronMed-Cohort. Biomedicines 2021, 10, 4. [Google Scholar] [CrossRef]

	



Pedone, C.; Roshanravan, B.; Scarlata, S.; Patel, K.V.; Ferrucci, L.; Incalzi, R.A. Longitudinal association between serum leptin concentration and glomerular filtration rate in humans. PLoS ONE 2015, 10, e0117828. [Google Scholar] [CrossRef]

	



Kastarinen, H.; Kesäniemi, Y.A.; Ukkola, O. Leptin and lipid metabolism in chronic kidney failure. Scand. J. Clin. Lab. Investig. 2009, 69, 401–408. [Google Scholar] [CrossRef]

	



Chen, S.; Li, J.; Liu, Z.; Chen, D.; Zhou, L.; Hu, D.; Li, M.; Long, W.; Huang, Y.; Huang, J.; et al. Comparing the Value of Cystatin C and Serum Creatinine for Evaluating the Renal Function and Predicting the Prognosis of COVID-19 Patients. Front. Pharmacol. 2021, 12, 587816. [Google Scholar] [CrossRef] [PubMed]

	



Helmersson-Karlqvist, J.; Lipcsey, M.; Ärnlöv, J.; Bell, M.; Ravn, B.; Dardashti, A.; Larsson, A. Cystatin C predicts long term mortality better than creatinine in a nationwide study of intensive care patients. Sci. Rep. 2021, 11, 5882. [Google Scholar] [CrossRef] [PubMed]

	



Azoulay, E.; Metnitz, B.; Sprung, C.L.; Timsit, J.F.; Lemaire, F.; Bauer, P.; Schlemmer, B.; Moreno, R.; Metnitz, P. End-of-life practices in 282 intensive care units: Data from the SAPS 3 database. Intensive Care Med. 2009, 35, 623–630. [Google Scholar] [CrossRef] [PubMed]

	



Moreno, R.P.; Metnitz, P.G.; Almeida, E.; Jordan, B.; Bauer, P.; Campos, R.A.; Iapichino, G.; Edbrooke, D.; Capuzzo, M.; Le Gall, J.R. SAPS 3--From evaluation of the patient to evaluation of the intensive care unit. Part 2: Development of a prognostic model for hospital mortality at ICU admission. Intensive Care Med. 2005, 31, 1345–1355. [Google Scholar] [CrossRef] [PubMed]

	



Holten, A.R.; Nore, K.G.; Tveiten, C.; Olasveengen, T.M.; Tonby, K. Predicting severe COVID-19 in the Emergency Department. Resusc. Plus 2020, 4, 100042. [Google Scholar] [CrossRef]

	



Section 2: AKI Definition. Available online: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4089595/pdf/kisup201132a.pdf (accessed on 30 October 2022).

	



WMA DECLARATION OF HELSINKI—ETHICAL PRINCIPLES FOR MEDICAL RESEARCH INVOLVING HUMAN SUBJECTS. Available online: https://www.wma.net/policies-post/wma-declaration-of-helsinki-ethical-principles-for-medical-research-involving-human-subjects/ (accessed on 23 March 2022).

	



Cuschieri, S. The STROBE guidelines. Saudi J. Anaesth. 2019, 13, S31–S34. [Google Scholar] [CrossRef]

	



Grubb, A.; Horio, M.; Hansson, L.O.; Björk, J.; Nyman, U.; Flodin, M.; Larsson, A.; Bökenkamp, A.; Yasuda, Y.; Blufpand, H.; et al. Generation of a new cystatin C-based estimating equation for glomerular filtration rate by use of 7 assays standardized to the international calibrator. Clin. Chem. 2014, 60, 974–986. [Google Scholar] [CrossRef]

	



Werner, K.; Pihlsgård, M.; Elmståhl, S.; Legrand, H.; Nyman, U.; Christensson, A. Combining Cystatin C and Creatinine Yields a Reliable Glomerular Filtration Rate Estimation in Older Adults in Contrast to β-Trace Protein and β2-Microglobulin. Nephron 2017, 137, 29–37. [Google Scholar] [CrossRef]

	



Du Bois, D.; Du Bois, E.F. A formula to estimate the approximate surface area if height and weight be known. 1916. Nutrition 1989, 5, 303–311. [Google Scholar] [PubMed]

	



Shuter, B.; Aslani, A. Body surface area: Du Bois and Du Bois revisited. Eur. J. Appl. Physiol. 2000, 82, 250–254. [Google Scholar] [CrossRef] [PubMed]

	



Nyman, U.; Grubb, A.; Lindström, V.; Björk, J. Accuracy of GFR estimating equations in a large Swedish cohort: Implications for radiologists in daily routine and research. Acta Radiol. 2017, 58, 367–375. [Google Scholar] [CrossRef] [PubMed]








[image: Table] 





Table 1. Logistic regression models to predict the outcome.
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Univariate Model

	
p-Value

	
Multivariate Model 1

	
p-Value




	
Odds Ratio (95%CL)

	
Odds Ratio (95%CL)






	
Age (yrs)

	
1.03 (1.00–1.05)

	
p = 0.005

	
1.02 (0.98–1.05)

	
n.s.




	
Gender (female)

	
6.50 (3.69–11.4)

	
p < 0.001

	
6.99 (3.40–14.3)

	
p < 0.001




	
BMI

	
1.05 (1.01–1.09)

	
p = 0.005

	
1.07 (1.01–1.13)

	
p = 0.010




	
SAPS3

	
1.05 (1.01–1.08)

	
p = 0.002

	
1.05 (1.01–1.10)

	
p < 0.016




	
Chronic kidney disease > stage 2

	
0.99 (0.51–1.93)

	
n.s.

	

	




	
CRP Day 1

	
0.99 (0.99–1.00)

	
n.s.

	

	




	
Dialysis (yes)

	
1.07 (0.46–2.50)

	
n.s.

	

	




	
Dexamethasone (yes)

	
2.11 (1.13–3.95)

	
p = 0.019

	
1.49 (0.70–3.18)

	
n.s.








Odds ratios and 95% confidence limits calculated by logistic regression with SPS as an outcome. 1 Adjusted in a model containing age, gender, BMI, and SAPS3 and dexamethasone treatment.
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Table 2. Patient demographic characteristics and comorbidities.
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	Preexisting Condition
	Frequency
	Preexisting Condition
	Frequency





	Pulmonary disease
	24%
	Diabetes
	31%



	Pulmonary hypertension
	<1%
	Neurological disorder
	9%



	Hypertension
	58%
	Steroid treatment
	10%



	Ischemic heart disease
	13%
	ACEi or ARB
	41%



	Earlier thromboembolism
	11%
	Anticoagulant
	28%



	Liver failure
	2%
	BMI median (range)
	28 (18–67)



	Malignancy
	10%
	Age median (range)
	64 (19–86)







Demographic data and brief descriptions of the patients at arrival to ICU. ACEi are angiotensin converting enzyme inhibitors, and ARB are angiotensin receptor blockers.
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