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Abstract.18

BACKGROUND: Multiple Organ failure (MOF) is one of the main causes of admission to the Intensive Care Unit (ICU) of
patients infected with COVID-19 and can cause short- and long-term neurological deficits.
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OBJECTIVE: To compare the cognitive functioning and functional brain connectivity at 6–12 months after discharge in
two groups of individuals with MOF, one due to COVID-19 and the other due to another cause (MOF-group), with a group
of Healthy Controls (HC).
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METHODS: Thirty-six participants, 12 from each group, underwent a neuropsychological and neuroimaging assessment
at both time-points. Functional connectivity of the resting state networks was compared between COVID-19 and HC while
controlling for the effect of MOF. The association between functional connectivity and neuropsychological performance was
also investigated.
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RESULTS: Compared to the HC, COVID-19 group demonstrated hypoconnectivity between the Default Mode Network
and Salience Network. This pattern was associated with worse performance on tests of attention and information processing
speed, at both time-points.
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CONCLUSION: The study of the association between cognitive function and brain functional connectivity in COVID-19
allows the understanding of the short- and long-term neurological alterations of this disease and promotes the development
of intervention programs to improve the quality of life for this understudied population.
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1. Introduction35

According to the World Health Organization36

(WHO) (World Health Organization, s. f.), coron-37

avirus disease 2019 (COVID-19) is an infectious38

disease caused by the Severe Acute Respiratory Syn-39

drome Coronavirus 2 (SARS CoV-2). Since SARS40

CoV-2 invades the cell through the binding of its spike41

(S) protein to the angiotensin-converting enzyme 242

(ACE2) receptor, the presence of this receptor in43

the cells of certain organs leads to their dysfunc-44

tion (Mokhtari et al., 2020). In fact, ACE2 is most45

expressed in lung epithelial cells (Hamming et al.,46

2004), which explains why the respiratory system is47

heavily affected by the virus (Hamming et al., 2004).48

After SARS CoV-2 infection, the immune system is49

activated, giving rise, in the most severe cases, to50

an uncontrolled inflammatory response known as a51

cytokine storm, which causes damage to healthy tis-52

sues and organs. In turn, this situation can lead to53

multiple organ failure (MOF) (Mokhtari et al., 2020;54

Moore & June, 2020), which is characterized by the55

functional decline of more than one vital organic56

system, such as the respiratory, cardiovascular, and57

nervous systems (Marshall, 2001).58

Although respiratory problems are among the most59

evident symptoms of COVID-19, according to recent60

studies, between 35–85% of patients infected with61

SARS CoV-2 present alterations of the nervous sys-62

tem, in both the peripheral (PNS) and central (CNS)63

nervous systems (Nolen et al., 2022). PNS alterations64

tend to be the mildest and include mainly anosmia,65

ageusia, and myalgia (Montalvan et al., 2020; Pezzini66

& Padovani, 2020), whereas CNS lesions can lead67

to cognitive problems and serious diseases, includ-68

ing loss of consciousness, ischemic cerebrovascular69

disease, encephalopathy, acute necrotizing hem-70

orrhagic encephalopathy, encephalitis, meningitis,71

epileptic seizures, and demyelinating diseases such72

as Guillain-Barré syndrome (Ahmed et al., 2020;73

Mishra & Banerjea, 2020; Montalvan et al., 2020;74

Pezzini & Padovani, 2020).75

Regarding cognitive problems, the most com-76

monly reported are mental fatigue, slow information77

processing, difficulty concentrating and remember-78

ing, confusion, and disorientation (Hugon et al.,79

2021; Mahase, 2020). Although these symptoms may80

disappear soon after recovery from the illness, many81

people may continue to experience symptoms for82

more than two months after infection. The presence of83

these cognitive problems, along with other long-term84

physical (e.g., fatigue, breath and digestive problems)85

and emotional (e.g., anxiety, depression, apathy) 86

symptoms has been termed as “long COVID” (Hugon 87

et al., 2021; Mahase, 2020), which is linked with 88

diminished well-being and quality of life (Méndez 89

et al., 2021). 90

The literature related to long-term cognitive alter- 91

ations is extensive; however, most of the findings 92

report the alterations through case studies (Meo et 93

al., 2021) and from a purely diagnostic perspective, 94

with few studies evaluating the alterations through 95

neuropsychological tests. For example, Ferrucci et al. 96

(2022) performed a neuropsychological evaluation 97

on 53 patients at both five and 12 months after being 98

discharged from the hospital. The authors found that 99

63.2% of the participants performed poorly on at 100

least one of the tests. Although scores improved at 101

one year, processing speed and verbal and spatial 102

memory continued to be affected. Poletti et al. 103

(2022) reported similar results, finding that a high 104

percentage of patients with COVID-19 obtained low 105

scores in at least one cognitive domain at one month 106

(79%) and at 3–6 months (75%) post-discharge. 107

In addition, when compared to healthy controls 108

(HC), patients with COVID-19 performed worse on 109

tests of processing speed and motor coordination. 110

On the other hand, Zhou et al. (2020) found that, 111

in comparison with the HCs, their sample of 29 112

patients obtained worse results in tests that evaluated 113

sustained attention. Miskowiak et al. (2021) also 114

concluded that between 59–65% of their sample 115

of participants with COVID-19 showed cognitive 116

alterations, mainly in verbal memory and executive 117

functions, approximately 3–4 months after hospital 118

discharge. More recently, Schild et al. (2023), in their 119

cross-sectional study, found that of the 52 patients 120

with post-COVID-19 syndrome they evaluated, 121

more than half had a neurocognitive disorder, with 122

alterations in memory and executive functions 123

(60.7%), attention (51.6%), language (35.5%), and 124

perceptual and motor skills (29%). 125

In addition, several neuroimaging studies have 126

shown that these neurocognitive alterations seem to 127

be related to structural lesions and metabolic changes 128

in the brain, mainly in white matter (Huang et al., 129

2022). Likewise, some studies have found that struc- 130

tural and functional connectivity is also altered in 131

these patients. For example, Fischer et al. (2022) com- 132

pared the functional and structural connectivity of 11 133

patients with disorder of consciousness (DoC) due 134

to COVID-19, 18 patients with DoC due to severe 135

traumatic brain injury (TBI), and 14 HC. Results indi- 136

cated that compared to HC, patients with COVID-19 137
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showed reduced intra-network connectivity within138

the default mode network (DMN) and reduction in139

connectivity between the DMN and the salience net-140

work (SN). Similarly, Dı́ez-Cirarda et al. (2022)141

conducted a cross-sectional study of functional and142

structural neuroimaging combined with a neuropsy-143

chological evaluation of 86 patients with long COVID144

and 36 HC, finding alterations mainly in attention and145

memory, as well as hypoconnectivity between the left146

and right parahippocampal gyrus and between the147

left cerebellum III and left and right frontal supe-148

rior orbital cortex. With the exception of these two149

studies, (Dı́ez-Cirarda et al., 2022) most neuroimag-150

ing research (including studies that combine this tool151

with neuropsychological assessment; Cecchetti et al.,152

2022; Klinkhammer et al., 2021) focuses on the evalu-153

ation of structural or metabolic changes in the brain of154

patients with COVID-19 (Hafiz et al., 2022; Huang et155

al., 2022; Meo et al., 2021), not including the assess-156

ment of functional connectivity. As such, the majority157

of recent literature in this area is affected by two158

major limitations, a cross-sectional research design,159

and lack of inclusion of other cognitive measures.160

The use of functional connectivity, and specifically,161

the fMRI-resting state has demonstrated multiple162

clinical and research advantages as a useful tool for163

the evaluation of various CNS diseases (Dennis &164

Thompson, 2014; Palacios et al., 2013). For this165

reason, the use of these neuroimaging techniques166

and their combination with a neuropsychological167

examination could represent an advance in the under-168

standing of the neurocognitive consequences of169

people who been diagnosed with COVID-19. In170

addition, considering that many of these patients171

experience long-term sequelae of COVID-19 infec-172

tion, longitudinal studies are necessary to determine173

long-term effects. For these reasons, the objective of174

this longitudinal study is to compare the cognitive175

functioning and functional connectivity of a group of176

patients with MOF due to COVID-19 (COVID, study177

group), a group of patients with MOF due to a cause178

other than COVID-19 (MOF, positive control group),179

and Healthy Controls (HC, negative control group) at180

6 and 12 months after discharge from the Intensive181

Care Unit (ICU).182

2. Methods183

2.1. Participants184

The sample was composed by 12 patients who185

suffered MOF after COVID-19 infection (COVID-186

19 group) and 12 MOF patients without COVID-19 187

infection (MOF group) who had been treated at the 188

ICU of the Cruces University Hospital, as well as 12 189

HC, mainly relatives of the patients, matched with 190

them by age, sex, and years of education. 191

The inclusion and exclusion criteria for MOF 192

patients were the following: a) age between 18 and 65 193

years old; b) report of MOF due to respiratory failure, 194

cardiogenic shock, or septic shock; c) no structural 195

brain injury detected in T1 (no T1-BD); d) no history 196

of developmental problems, learning disabilities, or 197

neurological or psychiatric conditions prior to admis- 198

sion to the ICU; e) no cerebral hypoxia during ICU 199

admission; f) no previous chronic organ injury that 200

might alter functional connectivity; g) no history of 201

daily consumption and/or use of an illicit substance 202

or other medications that may impact cognitive func- 203

tioning; h) SOFA score ≥ 4 for at least 48 hours 204

during ICU admission, implying an associated mor- 205

tality rate of at least 20%; i) MMSE score ≥ 23; and j) 206

no contraindications for magnetic resonance imaging 207

(i.e., morbid obesity, pacemaker, metal prostheses, 208

or pregnancy); k) no severe visual and/or hearing 209

deficit at the time of the evaluation; and l) ability to 210

read and write at the time of evaluation. For COVID- 211

19 participants, the inclusion criteria were the same 212

as the aforementioned criteria for MOF plus addi- 213

tional criteria of m) diagnosed COVID-19 infection 214

demonstrable by positive PCR test; and n) not having 215

received any COVID-19 vaccine. 216

The inclusion criteria and exclusion for the HC 217

were the following: a) age between 18 and 65 218

years old; b) no history of developmental problems, 219

learning disabilities, or neurological or psychiatric 220

conditions prior to admission to the ICU; c) no history 221

of daily consumption and/or use of an illicit substance 222

or other medications that may impact cognitive func- 223

tioning; d) MMSE score ≥ 23; e) scored ≤ 4 on the 224

Patient Health Questionnaire–9 for assessing depres- 225

sion; f) no contraindications for magnetic resonance 226

imaging; g) no severe visual and/or hearing deficit at 227

the time of the evaluation; and h) ability to read and 228

write at the time of evaluation. 229

2.2. Measures 230

2.2.1. Screening tests 231

• The Sequential Organ Failure Assessment 232

(SOFA) was used to assess the severity of MOF, 233

quantifying the extent of organ dysfunction in 234

patients after the failure (Jones et al., 2009) 235
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• The Mini-Mental State Examination (MMSE)236

was included to assess the overall cognitive sta-237

tus of participants.238

2.2.2. Neuropsychological evaluation239

The assessment protocol included the following240

neuropsychological tests:241

• Rey-Osterrieth Complex Figure (ROCF; Rey,242

2009)243

• Hopkins Verbal Learning Test-Revised (HVLT-244

R; Benedict et al., 1998)245

• Stroop color and word test (Golden, 2010)246

• Trial Making Test (TMT; Reitan & Wolfson,247

1985)248

• Brief Test of Attention (BTA; Schretlen et al.,249

1996)250

• Symbol Digit Modalities Test (SDMT; Smith,251

2013)252

• Modified Wisconsin Card Sorting Test (M-253

WCST; Schretlen, 1997)254

• Verbal Fluency Test (VFT; Reitan & Wolfson,255

1985)256

• Boston Naming Test (BNT; Kaplan et al., 2005)257

2.2.3. Neuroimaging258

2.2.3.1. Imaging acquisition. The brain MRIs were259

acquired in a Philips 3-Tesla Achieva dStream MRI260

scanner with a 32-channel head coil and included the261

following sequences:262

• Anatomical data: High resolution T1 images263

were acquired with a 3D Turbo Field Echo264

(TFE): repetition time TR = 7.4 ms, echo265

time TE = 3.4 ms, inversion time IT = 850 ms,266

voxel size = 1.1 × 1.1 × 1.2 mm3, slice thick-267

ness = 1.2 mm, field of view FOV = 250×250268

mm2, 300 contiguous sagittal slices covering the269

entire brain and brainstem.270

• Resting state functional data: A session271

with a total duration of 7.40 minutes was272

acquired, using SENSE (with a factor of273

2.2) the following parameters: 214 whole-274

brain gradient echo echo-planar images with275

TR/TE = 2100/27 ms, FOV = 240 × 240 mm2,276

voxel size = 3 × 3 × 3 mm3, 80 × 80 matrix,277

slice thickness of 3 mm, 45 axial slices,278

interleaved in ascending order.279

2.2.3.2. Imaging preprocessing. The resting-state280

fMRI (rs-fMRI) images were preprocessed using the281

CONN toolbox v21a (Whitfield-Gabrieli & Nieto- 282

Castanon, 2012). The default pipeline was used only 283

modifying the outlier-frame criteria, marking as out- 284

lier such frames with FD > 0.5. The voxel dimensions 285

were also modified to 3 × 3 × 3 mm3, and the spa- 286

tial smoothing were modified to 6 mm full width at 287

half maximum (FWHM). For nuisance regression and 288

temporal filtering, the chosen option was to do both 289

steps simultaneously. The confounds removed were 290

scrubbing, 12 movement parameters, 5 CSF compo- 291

nents, and 5 WM components. 292

2.2.3.3. Imaging statistical considerations. 293

• Multiple comparisons correction: For any of the 294

image analyses, statistics was assessed indepen- 295

dently for all the number of voxels. To correct for 296

multiple comparisons, a two-sided parametric 297

correction was applied using a voxel threshold p- 298

uncorrected < 0.05 and cluster threshold p-FDR 299

< .05. 300

• Hypothesis contrasts for voxel brain morphom- 301

etry differences: For addressing the morpho- 302

logical differences, the contrasts used were [1 303

–1] (COVID-19 > HC) and [–1 1] (COVID- 304

19 < HC). 305

• Hypothesis contrasts for functional connectiv- 306

ity differences: For addressing the connectivity 307

differences, the contrasts used were [1 –1 0] 308

(COVID-19 > HC controlling by the effect of 309

MOF) and [–1 1 0] (COVID-19 < MOF control- 310

ling by the effect of MOF). This ensured that any 311

possible differences observed between groups 312

may be due to the COVID-19 condition and not 313

because participants in the COVID-19 group had 314

also experienced MOF. 315

Functional connectivity and neuropsychological 316

performance association: For the association with 317

neuropsychological composites, the contrast used 318

were [0 1 0 0 0] (group, composite, age, years of edu- 319

cation, and SOFA). The reason for including SOFA 320

variable as covariate is because in (Jimenez-Marin 321

et al., 2020) authors reported an association between 322

SOFA and brain connectivity in critically ill patients 323

and may impact to the association between neuropsy- 324

chological performance and connectivity. In this case, 325

composites were calculated with z-scores of the tests 326

computed using the mean and standard deviation of 327

each single group, as this association was performed 328

in each group separately. 329



U
nc

or
re

ct
ed

 A
ut

ho
r P

ro
of

D. Ramos-Usuga et al. / Cognitive & brain connectivity in COVID-19 5

2.3. Procedure330

The study began in 2018, recruiting patients who331

had suffered a MOF for respiratory failure, car-332

diogenic shock, or septic shock. In 2020, with the333

beginning of COVID-19, the sample was expanded334

with patients admitted to the ICU for MOF due to335

SARS CoV-2 infection. Therefore, none of these336

COVID-19 patients received vaccination. All patients337

and HC underwent neuropsychological assessments338

and brain MRI evaluations at 6 and 12 months after339

ICU discharge. The study was approved by the Eth-340

ical Committee of the Cruces University Hospital341

(Code CEIC E16/52) and was performed in accor-342

dance with the Helsinki Declaration. All participants343

gave their written informed consent.344

2.4. Data analyses345

2.4.1. Descriptive analyses and346

neuropsychological performance347

Means and standard deviations of demographic348

and clinical variables were calculated. Performance349

differences on each neuropsychological test were350

assessed by One-Way ANOVA. To determine dif-351

ferences between specific groups, post hoc tests352

(Tukey-Kramer when there was a normal distribution353

or Games-Howell when there was not a normal dis-354

tribution) were run. Effect sizes were also assessed355

using eta-squared (η2). Furthermore, each test was356

grouped into a composite (e.g., executive functioning,357

language), which was calculated by the sum of the z-358

scores of the tests based on the means and standard359

deviations of the three groups together, then divided360

by the square root of the number of tests included361

in each composite. Group comparisons among com-362

posites were performed using One-Way ANOVA. All363

the analyses were run in Matlab 2021b and SPSS364

Statistics 20 (The MathWorks, Inc.)365

2.5. Imaging analyses366

2.5.1. Structural abnormalities367

Voxel-based morphometry (VBM) was applied368

with FSL-VBM (Douaud et al., 2007), FSL ver-369

sion 6.0.1, an optimized VBM protocol carried out370

with FSL tools. The modulated gray matter images371

resulting from the tool were then smoothed with an372

isotropic Gaussian kernel of full width at half maxi-373

mum of 9.42 mm (σ = 4 mm). Final images were used374

for group comparison.375

2.5.2. Functional connectivity analyses 376

Connectivity maps per each subject for eight rest- 377

ing state networks (RSN) included in CONN were 378

generated using the seed-based-correlation (SBC) 379

analyses (Nieto-Castanon, 2020). The seeds were 380

obtained by averaging the fMRI time-series across 381

all regions within each RSN. As a result, we obtained 382

for each subject a corresponding brain map for each 383

RSN. These maps were next used for group compar- 384

isons and for the association between brain functional 385

connectivity and cognitive performance as repre- 386

sented by each composite. For all the details for 387

assessing the statistical significance, see the supple- 388

mentary material. 389

3. Results 390

3.1. Descriptive analyses 391

The mean age for the sample ranged from 54.83 to 392

55.50, and the mean of the years of education ranged 393

from 12.17 to 13.42. Moreover, more than half of the 394

sample in all three groups were males. There were no 395

significant differences in terms of age, sex, or years 396

of education between the HC and COVID-19 groups, 397

nor between the MOF and COVID-19 groups. During 398

ICU admission, the mean SOFA scores of the MOF 399

and COVID-19 groups were 9.42 and 6.83, respec- 400

tively. On the other hand, the mean MMSE scores 401

of HC, MOF, and COVID-19 groups were 29.22, 402

28.83, and 28.81, respectively. There were no sig- 403

nificant differences in SOFA and MMSE across the 404

three groups. 405

3.2. Neuropsychological performance 406

The neuropsychological assessment at 6 months 407

from ICU discharge revealed that the COVID-19 408

group generally performed worse across all tests 409

compared to HC and MOF group, although exhibit- 410

ing fewer pronounced distinctions in comparison to 411

this last group. The One-Way ANOVAs shown a 412

marginally significant differences in HVLT-R Recall 413

(F = 3.1; p = 0.05), with the Tukey post hoc show- 414

ing significant differences between COVID-19 group 415

and HC (p > 0.05). Additionally, the effect size was 416

large (η2 = 0.16). At 12 months after ICU discharge, 417

there were no significant differences between groups, 418

although scores on most tests were also lower in the 419

COVID-19 group compared to the other two groups. 420
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3.3. Brain morphology421

Structural brain comparisons using voxel-based422

morphometry provided no significant differences423

between the COVID-19 and HC groups.424

3.4. Functional connectivity425

Group differences were assessed in the functional426

connectivity of eight well-known RSNs following an427

image preprocessing pipeline detailed in Fig. 1. After428

multiple comparison correction, the only network429

with significant differences in the contrasts COVID-430

19 > HC controlling for MOF, and COVID-19 < HC431

controlling for MOF in both time-points (e.g., 6 and432

12 months) was the salience network (see Fig. 2,433

brain plot). These significant connectivity alterations434

consisted of a combination of decreased positive cor-435

relations from the salience region Anterior Cingulate436

Cortex (ACC) and decreased negative correlations437

between the salience node and DMN in the angular438

gyrus, precuneus, ACC, and superior frontal gyrus.439

For each of the clusters resulting from the group com-440

parisons (represented in different colors in Fig. 2),441

we obtained its median value in the SBC map for442

each participant and compared the different groups.443

Notably, the boxplots illustrate a general trend, indi-444

cating that both positive connections (yellow cluster)445

and negative connections (green, purple, red, and446

blue clusters) increased from HC to MOF and further447

from MOF to COVID-19, demonstrating a progres-448

sive decrease in connectivity from healthy to MOF449

and from MOF to COVID-19.450

3.5. Association between functional connectivity451

and neuropsychological performance452

The SBC maps of the salience network were used453

for voxel-based associations with the four different454

composites. After multiple comparison correction,455

significant associations surviving at the two time456

points only existed for the attention domain (Fig. 3),457

in a cluster of voxels located in the superior frontal458

gyrus. At + 12 m time point, a second cluster also459

emerged in the angular gyrus (colored in red in Fig. 3).460

The two clusters are part of the DMN. The scatterplots461

in Fig. 3 represent the association between median462

values of salience connectivity and the attention score463

for both time-points. Negative correlations (r = –0.83,464

p = .002 at 6 months; r = –.92, p < 0.001 at 12 months)465

were found for the COVID-19 group, whereas no466

associations were found in those regions in the MOF467

and HC groups. The negative correlations indicated 468

that the patients with the highest attention scores had a 469

relatively more negative correlation between salience 470

and DMN. 471

4. Discussion 472

The present longitudinal study had as objectives: 473

1) to compare the cognitive functioning of the 474

COVID-19, MOF, and HC groups through a neu- 475

ropsychological battery; 2) to assess the functional 476

connectivity differences between the COVID-19 and 477

HC groups, correcting for the MOF group, and 3) to 478

assess the association between cognitive functioning 479

and functional connectivity across the three groups. 480

Firstly, the COVID-19 group performed worse 481

at 6 months after ICU discharge across almost all 482

neuropsychological tests compared to the other two 483

groups, although significant differences were only 484

found in the HVLT-R Recall compared to the HC 485

group. At 12 months there were no significant differ- 486

ences in any of the tests, although the means of the 487

COVID-19 group continued being, in general, lower 488

than those of the other two groups. It should be noted 489

that the effect size of the HVLT-R Recall was large 490

(η2 = 0.16). 491

Previous literature has shown that even months 492

after hospital discharge, patients infected with SARS 493

CoV-2 present cognitive alterations related to mem- 494

ory (Dı́ez-Cirarda et al., 2022; Ferrucci et al., 2022; 495

Miskowiak et al., 2021; Schild et al., 2023, 2023), 496

attention and processing speed (Ferrucci et al., 2022, 497

2022; Poletti et al., 2022; Schild et al., 2023, 2023; 498

Zhou et al., 2020), executive functions (Miskowiak et 499

al., 2021; Schild et al., 2023, 2023), language (Schild 500

et al., 2023) and motor skills (Poletti et al., 2022; 501

Schild et al., 2023). In the present study, significant 502

differences have only been found in one HVLT-R 503

score that measures verbal learning and memory, 504

which partially agrees with previous studies (Dı́ez- 505

Cirarda et al., 2022; Ferrucci et al., 2022; Miskowiak 506

et al., 2021; Schild et al., 2023). Although it is true 507

that it is only a score, the effect size has been large, 508

so one could speculate that, if the sample size were 509

increased, the differences would be more evident and 510

significant, even in the rest of the scores. Further- 511

more, it should be noted that the evaluation protocols 512

of the present study and that of Dı́ez-Cirarda et al. 513

(2022) share five neuropsychological tests, and that 514

the means of COVID-19 patients from both studies 515

are similar. Although the two samples may vary in 516
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Fig. 1. Resting-state fMRI preprocessing and analysis pipeline. Note: Double acquisition is needed: High resolution anatomical images (T1)
and functional images at rest. Following state-of-the-art CONN pipeline of neuroimaging preprocessing, time-series of the blood oxygenation
level dependent (BOLD) signal were obtained for each voxel. Using as seeds the average functional dynamics across all the voxels belonging
to each resting state network, and applying seed to voxel analysis (a.k.a. seed-based correlation), we built functional connectivity brain maps
for each RSN, used for group comparison and for assessing the association with neuropsychological measures.

many aspects, they are Spanish patients who have517

been hospitalized for COVID-19. One of the fac-518

tors that most influences the variability of results519

in research is the type of tests selected to evaluate520

the participants, therefore, it would be recommended521

to establish a specific neuropsychological evaluation522

protocol for patients with COVID-19 who present523

cognitive complaints, in order to compare the results524

of the different studies. This is especially relevant525

since it is a syndrome that is still very unknown and526

still requires further research.527

The results of the functional connectivity demon-528

strated an atypical connectivity pattern in the529

COVID-19 group compared to the HC group in both530

6 and 12 months, characterized by hypoconnectiv-531

ity of the SN to one of its nodes (ACC) and with532

the DMN to four of its nodes (angular gyrus, pre-533

cuneous, ACC, and superior frontal gyrus). These534

findings are in agreement to those of Fischer et al.535

(2022) who found that the functional connectivity536

of patients with COVID-19 was significantly lower537

than that of HC patients both within the DMN and538

between the DMN and the NS. In addition, Dı́ez-539

Cirarda et al. (2022) also found hypoconnectivity540

between the left and right parahippocampal gyrus and541

between the left cerebellum III and the left and right 542

frontal superior orbital cortex. The literature on func- 543

tional connectivity in populations with neurological 544

disorders is varied, as some studies report hypercon- 545

nectivity (Baker et al., 2014; Whitfield-Gabrieli et 546

al., 2009), whereas others find hypoconnectivity (Cal- 547

houn, 2009; Dennis & Thompson, 2014; Palacios et 548

al., 2017) in these clinical populations. However, a 549

recent study by Schultz et al. (2017) evaluated peo- 550

ple with preclinical profiles of Alzheimer’s disease 551

(AD) with fMRI and PET-tau, finding hyperconnec- 552

tivity between the DMN and SN in participants with 553

low TAU levels, yet hypoconnectivity among par- 554

ticipants with higher TAU levels. According to the 555

authors, the initial hyperconnectivity could be a com- 556

pensatory mechanism in the early phases of a brain 557

disorder, such as AD, which would later lead to a 558

decrease in functional connectivity once these com- 559

pensatory mechanisms are saturated by neuronal loss. 560

Future studies are needed that include larger sample 561

sizes and that evaluate the trajectories of functional 562

connectivity from the acute phase to more chronic 563

states of the disease, which thus may be able to repli- 564

cate the pattern of findings in the present study and 565

those of Fischer et al. (2022). 566
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Fig. 2. Salience connectivity alterations in critically ill COVID-19 patients. Note: Statistically significant connectivity alterations not present in MOF were found in a cluster inside the salience
network (yellow) and in several clusters belonging to the DMN (purple, green, red, and blue). For each participant, the median connectivity within each cluster was calculated and represented in
the boxplots (different colors refer to different clusters). Each dot represents a different participant, being circles for the HC group, triangles for the MOF group, and squares for the COVID-19
group. No line around the shapes represents the 6 months’ median connectivity, and the dotted line represents the one at 12 months. NEG-Hypoconnectivity refers to hypoconnectivity occurring
in negative functional connections (green, purple, red, and blue), while POS-Hypoconnectivity indicates hypoconnectivity in positive functional connections (yellow).
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Fig. 3. Association between functional connectivity of the salience network and cognitive performance in critically ill COVID-19 patients.
Note: The association between the salience connectivity was correlated with the attention and processing speed domain at 6 (blue clusters)
and 12 months (red clusters) after ICU discharge. The two scatterplots show that statistically significant associations were only found in the
COVID-19 group.

Finally, when studying the relationship between567

cognitive functioning and functional connectivity, the568

connectivity between the SN and certain areas of the569

DMN (angular gyrus and superior frontal gyrus) was570

correlated with the attention domain and information571

processing speed in the COVID-19 group at both 6572

months and 12 months. The patients who had a more573

negative connectivity between SN and DMN had bet-574

ter scores. This association was not present in the HC575

and MOF groups. The SN, also known as the ven-576

tral attention network (VAN), is comprised mainly by577

the anterior insula and the anterior cingulate cortex.578

The VAN is involved in the detection and integration579

of outgoing stimuli, attention, and memory, includ-580

ing exchanging information with other networks on581

a large scale, which ultimately makes it possible to582

initiate behavior in accordance with the highlighted583

stimuli (Menon & Uddin, 2010). VAN and DMN584

have been shown to have a mutual negative corre-585

lation in healthy populations (Gopinath et al., 2015;586

Martinez-Gutierrez et al., 2022; Uddin, 2015; Uddin587

et al., 2009), in agreement with our findings show-588

ing that, the patients with better attention functioning 589

have consistently higher VAN-DMN negative corre- 590

lations. 591

To date, only the cross-sectional study by Dı́ez- 592

Cirarda et al. (2022) has examined both cognitive 593

functioning and functional connectivity in the resting 594

state among patients with COVID-19. Their results 595

indicated that hypoconnectivity between the bilat- 596

eral frontal superior orbital cortex and the cerebellum 597

was associated with poorer performance on tests 598

of learning and memory. Both neuropsychological 599

assessment and neuroimaging are increasingly used 600

tools in the field of neuroscience research for the 601

study of neurological diseases and in the clinic for 602

evaluation and diagnostic purposes. For this reason, 603

the combined use of these tools is essential in future 604

longitudinal studies with people with COVID-19. 605

4.1. Limitations 606

The results of this study must be considered while 607

taking into account several limitations. First, the 608
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study sample size is small. Future research should609

include larger sample sizes in a replication of study610

findings. Second, the neuropsychological evaluation611

included measures of processing speed and atten-612

tion, learning and memory, executive functioning,613

and language; however, it is possible that participants614

also experienced problems in other areas of cognitive615

functioning that were not evaluated, such as percep-616

tion, motor skills, or orientation. It is recommended617

that future studies conduct more comprehensive eval-618

uations. Third, it was not possible to determine if all619

individuals who participated had the same type of620

variant of COVID-19. As has been reported in the lit-621

erature, there are some COVID-19 variants that have622

been associated with the presence of milder symp-623

toms (Menni et al., 2022), and for this reason, future624

studies should try to homogenize the groups accord-625

ing to the variants that caused the infection to assess626

whether the profiles of cognitive functioning and/or627

functional connectivity varies between groups. Like-628

wise, this study did not assess if the patients with629

COVID-19 had been infected for the first time or if630

they previously been diagnosed with the disease. This631

is important, as some studies have found that COVID-632

19 reinfections may increase the severity of lung,633

heart, and CNS problems, and even the risk of death634

(Bowe et al., 2022). Fourth, the patients with COVID-635

19 who participated in this study did not received636

any dose of the COVID-19 vaccine, which is relevant637

given that various studies have found that the number638

of vaccine doses received significant reduced symp-639

toms in those subsequently infected people (Barda et640

al., 2021), which could also be associated with a neu-641

ropsychological and functional connectivity profile642

different from that found in this study. Finally, we did643

not acquire neuroimaging sequences for determin-644

ing the presence of microhemorrhages, previously645

reported in other studies on COVID-19, which may646

affect brain connectivity.647

5. Conclusion648

To the best of the authors’ knowledge, this is the649

first study to merge neuropsychological assessment650

and functional connectivity examination longitudi-651

nally in critically ill COVID-19 patients, all of652

whom have experienced multi-organ failure (MOF).653

The main result is that patients with COVID-19654

present a different functional connectivity pattern655

than healthy participants, characterized by hypocon-656

nectivity between the DMN and SN, which is657

associated with worse scores on attention and infor- 658

mation processing speed both at 6 and 12 months after 659

discharge from the ICU. 660

There is an extensive literature on COVID-19, par- 661

ticularly on the neurological alterations that some 662

patients present. However, most research has been 663

based on case studies, research with a cross-sectional 664

design, and neuroimaging limited to the study of 665

brain structure. Given that functional connectivity 666

may provide relevant information on the neurological 667

alterations of this disease, the present study employed 668

a longitudinal design to study the neuropsycholog- 669

ical functioning and the brain connectivity while 670

also including two control groups (HC and MOF 671

not due to COVID-19) with which to compare the 672

outcomes of COVID-19 patients. COVID-19 contin- 673

ues to be a global public health emergency, and its 674

long-term consequences are largely unknown. Lon- 675

gitudinal, multidisciplinary research is essential to 676

understand the nature of the disease and its sequelae 677

to improve prevention, diagnosis, and treatment and 678

minimize disease burden in the global population. 679
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