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Abstract 26 

 27 

Background: COVID19 is viral illness resulting in acute respiratory syndrome. The acute 28 

disease can be followed by persistent multisystemic sequelae and in particular neuropsychiatric 29 

ones. We asked what are the risk factors and physiological markers of cognitive performance 30 

in COVID-19 survivors. 31 

Methods: We analysed real-world clinical data from 159 COVID-19 survivors aged 40 years 32 

or older who were assessed in an outpatient clinic at least two months after discharge. The main 33 

outcome variable was the Montreal Cognitive Assessment (MoCA) total score. Predictor 34 

variables included demographics, anthropometric measures, pulmonary function, six-minute 35 

walk test measures, sit-to-stand performance and self-reported sleep quality. Exploratory factor 36 
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analysis was used to reduce the dimensionality of the predictor sets. Linear regression following 37 

multiple imputation was used to identify predictors of cognitive performance. 38 

Results: In the initial multivariate linear regression MoCA scores were predicted by age and a 39 

composite of oxygen-saturation measurements derived from the six-minute walk test 40 

assessment. No other predictor variable was significant. In a subsequent analysis we examined 41 

the effects of age, oxygen saturation (SpO2) and their interaction. All three predictors were 42 

significant. In particular, the effect of SpO2 on MoCA score was modulated by age, as cognitive 43 

performance in older individuals was more susceptible to decrements in SpO2 than younger 44 

individuals. 45 

Conclusion: Lower oxygen saturation is associated with lower MoCA scores in older COVID-46 

19 survivors, compared to younger adults. These findings may suggest that respiratory function 47 

is a therapeutic target for older COVID-19 survivors experiencing cognitive decline in the post-48 

infectious period. 49 

Main Manuscript 50 

1. Introduction 51 

 52 

COVID-19 is an acute, predominantly respiratory illness associated with substantial morbidity 53 

and mortality. Following the acute stage individuals can develop multisystemic sequelae 54 

sometime sufficiently severe to cause disability 1,2. These include fatigue, anosmia and 55 

cognitive complaints, along with dyspnoea, suggesting persistent involvement of the central 56 

nervous and pulmonary systems. 3,4 57 

Acute disruption of pulmonary functions can lead to persistent cognitive impairment. 58 

Longitudinal studies of survivors of Acute Respiratory Distress Syndrome found high 59 

prevalence of decrements in psycho-motor speed, executive functions and memory up to two 60 

years after hospital discharge (Hopkins et al, 2012; Mikkelson et al., 2012)5. Dyscognitive 61 

phenomena also arise in other respiratory diseases such as COPD and are thought to reflect the 62 

effects of hypoxia and secondary neuroinflammation 6.  63 

The potential cause of post-COVID-19 persistent cognitive impairments however remains a 64 

matter of ongoing investigation7. One possibility is that cognitive impairments may be caused 65 

by ongoing pulmonary dysfunction. 66 
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In this study we examined a cross-sectional sample of patients who had developed persistent 67 

symptoms following an acute episode of COVID-19. We collected extensive anthropometric, 68 

physiological and physical performance measures to understand the correlates of cognitive 69 

performance and found that cognitive performance is strongly related to age and oxygen 70 

maturation. These findings have obvious if speculative implications for the aetiology and 71 

treatment of post-COVID-19 sequelae. 72 

2. Methods 73 

 74 

2.1 Participants 75 

 76 

We analysed real-world data from 159 participants aged 40 years or older who were assessed 77 

in an academic outpatient clinic at least two months after hospital discharge. Participants had 78 

experienced symptomatic COVID-19 confirmed by a positive PCR test and reported persistent 79 

symptoms and impairments for at least two months following resolution of the acute illness. 80 

Inclusion criteria were: age ≥40 -to- ≤80 years, without absolute and relative contraindications 81 

for 6-minute walk distance test8, body mass index ≤40 kg/m2, daily physical strain9, without 82 

any form of musculoskeletal disability which could impair maximum exercise capacity10, no 83 

longer require O2, without fever for consecutive 48-hour period, stable patients, without 84 

supplemental O2
11.  85 

The protocol was approved by the Institutional Ethics Committee of the University Hospital 86 

of Larissa (approval No. 7683/23-02-2022). All participants provided written informed 87 

consent. All study procedures involving human participants, human data and human samples 88 

were performed in accordance with the Declaration of Helsinki and relevant guidelines and 89 

regulations. 90 

2.2 Data Collection 91 

 92 

Body composition: Anthropometric characteristics such as body height (Seca 700, Hamburg, 93 

Germany), chest circumference in maximal inhalation and exhalation (Δchest), neck 94 

circumference, and waist–hip ratio (Seca 201, Hamburg, Germany) were recorded according to 95 

previously a previously published protocol12. For body composition assessment was used 96 

Tanita MC-980 (Arlington Heights, IL, USA)10. For each patient was calculated the body mass 97 

index and body surface area according to the equation of Mosteller13. 98 
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▪ Physical fitness tests: i) The 6-minute walk test (6MWT) was performed according to 99 

the ATS guidelines [doi:10.1164/ajrccm.166.1.at1102]. Before, at the end of 6MWT 100 

and first minute of recovery were recorded blood pressure (Sphygmomanometer Mac 101 

Check 501, Tokyo, Japan), arterial O2 saturation (SpO2) and heart rate (HR) (Nonin 102 

9590 Onyx Vantage, Plymouth, MN, USA) and patients were self-assessment for 103 

dyspnea and lower limbs fatigue with CR-10 Borg scale14. The SpO2 and HR having 104 

been recorded and every one minute of the test11. ii) Handgrip strength test was assessed 105 

with electronic dynamometer (Camry, EH 101, South El Monte, CA, USA), performing 106 

one maximum isometric effort for 5 s with both hands alternately and in random order. 107 

All patients reported their dominant upper limb before the trials11. iii) 30s sit-to-stand 108 

test was performed with a standard height (46 cm) chair without arm rests15. All patients 109 

were asked to put their hands crossed on their shoulders and had to stand up and sit 110 

down completely as many times as possible at self-paced (safe and comfortable) during 111 

30s without using their arms as support. SpO2 (Nonin 9590 Onyx Vantage, USA) and 112 

HR (Nonin 9590 Onyx Vantage, USA) were recorded before and at the end of test. 113 

Finally, was recorded the total number of completed repetitions. 114 

▪ Pulmonary function test: All patients underwent standard spirometry was recorded 115 

according to ATS/ERS guidelines16 from sitting position using MasterScreen-CPX 116 

pneumotachograph (VIASYS HealthCare, Germany). For each pulmonary function test, 117 

three maximal flow-volume loops were obtained to determine FVC, FEV1 and PEF. 118 

Single-breath diffusing capacity for carbon monoxide (DLCO(SB)) was recorded 119 

according to ATS/ERS guidelines16. 120 

▪ Oxidative stress: Blood sampling was performed 30 min before physical fitness tests, 121 

and 10 mL sample was of peripheral venous blood was collected from each patient 122 

having fasted the previous night17. Measurements included the determination of reactive 123 

oxygen metabolites’ levels (d-ROMs test) and the plasma antioxidant capacity (PAT 124 

test) using the free radical analytical system, FRAS5 (Parma, Italy). 125 

▪ Questionnaires and cognitive assessment: Before physical fitness testing, participants 126 

completed the Greek-language Pittsburgh Sleep Quality Index (PSQI), a previously 127 

published sleep questionnaire with a Greek psychometric evaluation18,19, and underwent 128 

the Greek-language Montreal Cognitive Assessment (MoCA), a previously published 129 

cognitive screening instrument with Greek normative and validity data20,21. Neither 130 

instrument was developed for this study. No separate study-specific questionnaire was 131 

used; the analysis used real-world data generated during clinical assessment. 132 
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All sessions were performed in the Laboratory of Cardio-Pulmonary Testing and Pulmonary 133 

Rehabilitation of our hospital with the environmental temperature at 22.1 ± 1.3 °C and humidity 134 

34.5 ± 1.8%. The evaluation of patients was performed between 10:00 a.m. and 13:00 p.m. 135 

2.3 Statistical analysis 136 

 137 

The main outcome variable was the total MoCA score. The predictor set included 68 variables. 138 

In order to minimize its dimensionality, we grouped most of the variables into four sets: 1) 139 

anthropometric, 2) pulmonary functions, 3) physical performance and 4) the 6 Minutes Walking 140 

Test. An exploratory factor analysis was computed from ten imputed data sets in the following 141 

manner: from each imputed data set we obtained correlation matrices. These were normalised 142 

using an inverse hyperbolic function (Fisher, 1948), and the transformed matrices averaged. 143 

The anti-transformed average correlation matrix was factor analysed, with a maximum 144 

likelihood procedure. The number of factors was chosen by examining their eigenvalues. 145 

Retained factors included those with the largest eigenvalues at least up to the one that straddled 146 

the elbow in the scree plot. The eigenvalues of the retained factors aways had a magnitude 147 

greater than 1.0. 148 

From ten separately generated imputed data sets a multivariate linear regression was computed 149 

which included the factorised predictors as well as age, gender and the score on the PSQI. The 150 

age regressor was transformed by taking the logarithm in base 2 of the difference between 100 151 

and the participants age in years. 152 

3. Results 153 

 154 

The final analysis included 159 participants aged 40 years or older. Table 1 presents their 155 

demographic and clinical characteristics and the distribution of MoCA scores. 156 

Table 1. Patients’ characteristics. Data are expressed as percent, mean ± standard deviation. 157 

  COVID-19 

survivors 

Age yrs 56.9±11.0 

Sex (Male/Female) n 110 / 49 

Body mass index kg/m2 29.0±4.7 

Body surface area m2 2.0±0.4 
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  COVID-19 

survivors 

Body fat % 33.1±13.8 

Muscle mass % 32.3±25.7 

Visceral fat score 12.7±4.5 

Waist HR  0.9±0.1 

6-minute walking test m 510±120.2 

30 sec Sit-to-Stand repetitions  13.0±3.7 

Handgrip strength  kg 34.4±10.9 

d-ROMs U. carr. 308.7±73.5 

PAT U. cor.  2619.9±364.9 

PSQI score 4.1±3.0 

MoCA score 24.3±3.5 

Cognitively impaired MoCA≤26 64% 

 MoCA≤24 41% 

FEV1 % of predicted 94.8±17.2 

FVC % of predicted 93.9±17.0 

PEF % of predicted 108.1±26.3 

DLCO(SB) % of predicted 77.1±17.6 

Abbreviations: DLCO(SB) = single-breath diffusing capacity of the lung for CO; d-ROMs = determination 158 

of reactive oxygen metabolites’ levels; FEV1 = forced expiratory volume in 1st sec; FVC = forced vital 159 

capacity; MoCA = Montreal Cognitive Assessment questionnaire; PAT = plasma antioxidant capacity; PEF 160 

= peak expiratory flow; PSQI = Pittsburgh Sleep Quality Index questionnaire.  161 

Table 2 reports the results of the imputed regression analysis. The only statistically significant 162 

predictors of MoCA scores were logarithmically transformed age and the composite of oxygen-163 

saturation measurements derived from the six-minute walk test assessment. 164 

Table 2. Predictors of MoCA scores in COVID-19 survivors. 165 

Predictor  SE df p-value 

Intercept 13.86 4.19 153.02 1.1110-3 

Log2_Age 1.67 0.84 153.02 <0.05 

Sex 1.40 0.87 153.02 0.11 

PSQI -0.06 0.69 153.02 0.39 
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Predictor  SE df p-value 

Pulm_F1 0.05 0.17 153.02 0.79 

Pulm_F2 0.17 0.18 153.02 0.36 

Antr_F1 0.19 0.29 153.02 0.52 

Antr_F2 -0.06 0.18 153.02 0.72 

Perf_F1 0.26 0.22 153.02 0.24 

Perf_F2 0.50 0.40 153.02 0.21 

6MWT_F1 0.02 0.08 153.02 0.81 

6MWT_F2 0.21 0.08 153.02 0.01 

6MWT_F3 0.12 0.10 153.02 0.25 

6MWT_F4 0.24 0.16 153.02 0.13 

Abbreviations: Log2_Age: Log 2 transformed age; “Perf” refers factors (F1-F2) derived from physical 166 

performance measures; “Antr” refers factors (F1-F2) derived from anthropometrics; refers factors (F1-F4) derived 167 

from the 6MWT; “Pulm” refers factors (F1-F2) derived from pulmonary function measures; PSQI: the Pittsburgh 168 

Sleep Quality Index. 169 

The initial regression identified age and the oxygen-saturation composite as significant 170 

predictors of MoCA scores. The subsequent interaction analysis is reported in Table 3, and 171 

Figure 1 illustrates the relationship between age, resting oxygen saturation and MoCA scores. 172 

Table 3. Linear regression results. 173 

Predictor  SE df p-value 

Intercept 8.58 3.50 163.02 1.5310-2 

Log2_Age 1.67 0.84 163.02 1.0310-5 

6MWT_F2 0.21 0.08 163.02 3.5110-3 

Log2_Age 6MWT_F4 0.12 0.10 163.02 5.8510-3 

Abbreviations: β= regression coefficient; SE: standard error; df: degrees of freedom; 6MWT: 174 

6 Minutes Walk Test. 175 

To examine whether the predictors of MoCA exerted independent effects or rather interacted a 176 

second imputed regression was computed. The regression included three predictors, namely 177 

oxygen saturation, age and their product. All three predictors were highly significant. The figure 178 

shows a loess fit to the MoCA scores. The figure displays age and oxygen saturation measured 179 
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just before the 6MWT, while patients were at rest. The figure indicates that in younger 180 

individuals the MoCA score is unaffected by oxygen saturation. However, in older individuals 181 

the MoCA score is related to oxygen saturation measured at rest. This illustrates the nature of 182 

the interaction of age and oxygen saturation. 183 

4. Discussion 184 

 185 

In the present study we examined which factors predicted MoCA scores in a cross-sectional 186 

sample of a rural population of patients recovering from COVID-19 , who had presented to 187 

their local clinical services for their first follow-up post-discarge. 188 

The sample consisted of 159 patients aged 40 years or older who had undergone an extensive 189 

clinical evaluation. This included pulmonary functions, physical performance, anthropometric 190 

and demographic variables. A first pass regression analysis indicated that age and the oxygen-191 

saturation composite were the only significant predictors of MoCA scores. A second pass 192 

analysis suggested that the effects of these two variables on cognitive performance were not 193 

independent. Rather, cognitive performance was predicted by oxygen saturation in older 194 

patient, while middle aged individuals showed no appreciable relation between oxygen 195 

saturations and MoCA scores.  196 

The finding that oxygen saturation modulates MoCA scores in symptomatic COVID-19 197 

survivors is not particularly surprising given the extensive evidence that a variety of respiratory 198 

disorders which result in hypoxemia also produce cognitive decrements and are remedied by 199 

intervention to re-establish normoxia22,23. Candidate mechanisms exist 24-26, as well as 200 

paradigms of mechanistic, dose-response emergence of cognitive impairment in respiratory 201 

diseases 6,27,28. Specifically, large population-based studies have suggested that the severity of 202 

the respiratory difficulties experienced in the acute stage of the disease are monotonically 203 

related to the severity of the cognitive impairment in the recovery stage 29. While the correlative 204 

nature of our findings prevents conclusive statements about causality, previous evidence 205 

suggests that the effects of age on cognition of COVID-19 survivors are specific. In fact, other 206 

sequalae prevalent after COVID-19, such as fatigue, show a higher prevalence in younger rather 207 

than older survivors. Moreover, our results also suggest that hypoxemia may be the main 208 

clinical mediator of cognitive decrements in COVID-19 survivors. If so then the obvious 209 

question is why is the effect of hypoxemia strongly dependent on age? Age is known to affect 210 

human brain metabolism. In younger individuals aerobic glycolysis supplies a significant 211 
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proportion of the brain energy demands at rest and most of those stemming arising during task 212 

and stimulus evoked activity 30. In older individuals, basal energy demands rely more on 213 

oxidative phosphorylation instead31 Thus, greater dependence on oxidative metabolism may 214 

cause cerebral processes in older individuals to became less resilient to decrements in oxygen 215 

supply. Interestingly, PET studies in patients with cognitive impairment following COVID19 216 

illness have uncovered decreases in glucose metabolism, specifically affecting those cortical 217 

regions, belonging to the Default Mode and the frontoparietal Control networks, that are most 218 

reliant on aerobic glycolysis in young healthy adults32. Another common denominator between 219 

age, hypoxia and cognitive impairment in the setting of COVID-19 is perturbations in type I 220 

interferon signalling (IFN-I). Age has been associated with proinflammatory changes in type I 221 

interferon signalling 33, a pathway we have previously shown to be common in the 222 

pathophysiology of neurodegeneration and COVID-1934.  223 

The neuropathology of COVID-19 patients has provided a strong case for potentially additive 224 

effects of age, hypoxia and immunity itself on IFN-I perturbations 24,26,27,35. While canonical 225 

IFN-I signalling in the brain serves homeostatic roles, unchecked activation has been shown to 226 

reliably promote neuroinflammation and independently, cognitive impairment 36. Within this 227 

setting, even altered bioenergetics due to age, as we’ve previously posited, could be affected 228 

and feed back to IFN-I signalling and persistent or aberrant immune challenge, as presented by 229 

COVID-1937. This outline hypothesis however requires further mechanistic studies in order to 230 

be confirmed. Similarly, as studies on cerebral metabolism in COVID-19 survivors have not 231 

yet assessed the relative role of aerobic glycolysis and oxidative metabolism, this latter finding 232 

does not yield itself to a univocal interpretation.  233 

What our findings confirm however, from a clinical point of view, is that an expected tripartite 234 

relationship that of age, inflammation and hypoxia, produce an expected outcome, i.e. cognitive 235 

impairment, evident in COVID-19 neuropathology35. We furthermore provide a work 236 

hypothesis based on our findings and current literature, in order to inform future studies on the 237 

scope of assessments to be included, and the potential translational potential of their findings.  238 

5. Conclusions 239 

 240 

In this cross-sectional sample of 159 COVID-19 survivors aged 40 years or older assessed at 241 

least two months after discharge, age and an oxygen-saturation composite were associated 242 

with cognitive performance. The association between oxygen saturation and MoCA scores 243 
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was more pronounced in older participants. These findings support further investigation of 244 

respiratory function as a correlate of post-COVID cognitive impairment; the cross-sectional 245 

design does not establish causality or a treatment effect. 246 

6. Declarations 247 

 248 

Abbreviations 249 

6MWT: six-minute walk test; ATS: American Thoracic Society; CNS: central nervous 250 

system; COPD: chronic obstructive pulmonary disease; COVID-19: coronavirus disease 251 

2019; CR-10: category-ratio 10 scale; df: degrees of freedom; DLCO(SB): single-breath 252 

diffusing capacity of the lung for carbon monoxide; d-ROMs: reactive oxygen metabolites 253 

test; ERS: European Respiratory Society; FEV1: forced expiratory volume in one second; 254 

FRAS: free radical analytical system; FVC: forced vital capacity; HIF: hypoxia-inducible 255 

factor; HR: heart rate; IFN-I: type I interferon; LOESS: locally estimated scatterplot 256 

smoothing; MoCA: Montreal Cognitive Assessment; PAT: plasma antioxidant capacity test; 257 

PCR: polymerase chain reaction; PEF: peak expiratory flow; PET: positron emission 258 

tomography; PSQI: Pittsburgh Sleep Quality Index; SARS-CoV-2: severe acute respiratory 259 

syndrome coronavirus 2; SE: standard error; SpO2: peripheral oxygen saturation. 260 
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8. Figure legends 400 

Figure 1. The relationship between MoCA scores, age and resting oxygen saturation is 401 

illustrated in a contour plot. Oxygen saturation was recorded before the six-minute walk test, 402 
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while patients were at rest. The age axis is scaled logarithmically. MoCA scores were fitted 403 

using a LOESS procedure with a linear kernel. Each point represents a participant. 404 

 405 


