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Abstract.12

Background: The cerebral default mode network (DMN) can be mapped onto specific regions in the cerebellum, which are
specifically vulnerable to atrophy in Alzheimer’s disease (AD) patients.

13

14

Objective: We set out to determine whether there are specific differences in the interaction between the cerebral and cerebellar
DMN in amnestic mild cognitive impairment (aMCI) patients compared to healthy controls using resting-state functional
MRI and whether these differences are relevant for memory performance.

15

16

17

Methods: Eighteen patients with aMCI were age and education-matched to eighteen older adults and underwent 3T MR-
imaging. We performed seed-based functional connectivity analysis between the cerebellar DMN seeds and the cerebral
DMN.
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Results: Our results showed that compared to healthy older adults, aMCI patients showed lower anti-correlation between the
cerebellar DMN and several cerebral DMN regions. Additionally, we showed that degradation of the anti-correlation between
the cerebellar DMN and the medial frontal cortex is correlated with worse memory performance in aMCI patients.
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Conclusion: These findings provide evidence that the cerebellar DMN and cerebral DMN are negatively correlated during
rest in older individuals, and suggest that the reduced anti-correlated impacts the modulatory role of the cerebellum on
cognitive functioning, in particular on the executive component of memory functions in neurodegenerative diseases.
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INTRODUCTION28

Cerebellar functioning has long been associated29

with motor control and motor learning rather than30

higher order cognitive performance [1, 2]. The rise31
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of modern imaging techniques and supporting clin- 32

ical data has led to new insights into the role of the 33

cerebellum in cognitive and emotional functioning 34

[3, 4]. The cerebellar cognitive affective syndrome 35

and the dysmetria of thought hypothesis provided 36

evidence that the cerebellum plays a modulatory 37

role in many cognitive operations. Interestingly, this 38

hypothesis did not directly involve memory opera- 39

tions, but suggested that the cerebellum modulates 40

memory performance via the executive components 41
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of memory. While this idea fits within the concept of42

the modulatory role of the cerebellum in a wide range43

of complex cognitive functions, and is supported by44

the substantial connections between the cerebellum45

and both the frontal and medial temporal regions,46

the role of the cerebellum in memory disorders has47

received little attention [5–9].48

The cerebellum is an integral part of large-49

scale distributed neural networks, including memory50

related networks such as the resting-state default51

mode network (DMN) [10–16]. Neuroimaging work52

in more than 1,000 healthy individuals has made it53

clear that cerebellar areas show an orderly and pro-54

portional topography with distinct cerebral functional55

networks, demonstrating that areas within Crus I and56

Crus II of the cerebellum are functionally coupled57

with the cerebral DMN network [11, 17, 18].58

In addition, the cerebellum has shown to play a59

role in the key cognitive functions of healthy indi-60

viduals and various neuropsychiatric disorders [1,61

13, 19, 20]. But the majority of the resting-state62

studies in Alzheimer’s disease (AD), a neurodegener-63

ative disorder with prominent memory deficits, so far64

have excluded or disregarded the interaction between65

cerebellar networks and cerebral networks. Neverthe-66

less, AD neuropathology has been observed in the67

cerebellum of AD cases but not in non-demented68

brains indicating that cerebellar pathology might be69

relevant in AD and may affect the integrity of cerebro-70

cerebellar networks [21–23]. As of yet, three previous71

studies have focused on cerebellar functional alter-72

ations in AD [24–26]. By taking a whole brain73

approach, these studies have shown that the integrity74

of cerebro-cerebellar networks are affected in AD75

patients. Structural neuroimaging work showed that76

atrophy patterns in AD mirror the DMN topology77

both in the cerebrum [27] and cerebellum [28],78

providing further evidence that neurodegenerative79

pathology occurs in a network-specific manner, span-80

ning over both cerebral and cerebellar pathways.81

To further investigate whether the interaction82

between the cerebellum and cerebrum DMN has83

a functional relevance to memory impairment, we84

aimed to investigate differences in functional connec-85

tivity between DMN cerebral and cerebellar networks86

between healthy older individuals and amnestic mild87

cognitive impairment (aMCI) patients, since aMCIs88

are a group at high risk for developing AD. Guided89

by the dysmetria-of-thought hypothesis, we hypoth-90

esized that differences in cerebro-cerebellar DMN91

connectivity are associated with memory perfor-92

mance, particularly through cerebellar-frontal, rather93

than cerebellar-hippocampal connections, thereby 94

reflecting the cerebellar influences on the execu- 95

tive component on memory functioning. Because the 96

anatomical boundaries of the cerebellar subregions 97

do not seem to demarcate the functional nodes of 98

DMN and other resting-state networks, we defined 99

the DMN using previously validated functional maps 100

of the cerebral and cerebellar intrinsic networks [18]. 101

The findings of this study will provide important 102

insight into the role of the cerebellum in intrinsic con- 103

nectivity differences in the DMN in aMCI patients 104

compared to healthy older adults and its relevance to 105

memory dysfunction. 106

METHODS 107

Participants 108

Eighteen aMCI patients (single and multiple 109

domain) were recruited from the memory clinic of 110

the Maastricht University Medical Center. These par- 111

ticipants were matched on age and education with 112

eighteen cognitively healthy older control partici- 113

pants. 114

For the patient group, the following inclusion cri- 115

teria were met: diagnosis of aMCI established by a 116

clinical expert (FRJV) according to the Petersen 2014 117

criteria: an impairment in the memory domain of min- 118

imally –1.5 SD [29], and in addition, presence of 119

cognitive complaints and a clinical dementia rating 120

score of 0.5 [30]. Advertisements in local newspa- 121

pers were used to recruit all the control participants. 122

The inclusion criteria for the control group consisted 123

of a clinical dementia rating of 0, no cognitive com- 124

plaints should be reported, and no objective cognitive 125

deficits should be revealed on the neuropsychological 126

assessment. 127

In both patients and control groups, only 128

right-handed male individuals were included, as 129

handedness is related to cerebro-cerebellar asymme- 130

try [31]. Participants with a history of psychoactive 131

medication use, abuse of alcohol or drugs, past 132

or present psychiatric or neurologic disorders (i.e., 133

epilepsy, stroke, Parkinson’s disease, multiple sclero- 134

sis, brain surgery, brain trauma, electroshock therapy, 135

or brain infections), heart disease, current uncon- 136

trolled hypertension (scored as yes or no), presence 137

of depressive symptoms as indicated by the Hamilton 138

Depression Rating Scale (HDRS; score ≥17; [32]) or 139

contraindications for scanning were excluded from 140

the study. A neuroradiologist ensured absence of clin- 141

ically relevant neuropathology based on the magnetic 142
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resonance (MR) images. The study was approved143

by the local Medical Ethics Committee and written144

informed consent was obtained from all participants145

in accordance to the Declaration of Helsinki (World146

Medical Association, 2013).147

Downstream topographical markers148

A qualitative visual rating scale was used to assess149

medial temporal lobe (MTL) atrophy while blinded to150

group adherence [33]. Coronal T1-weighted images151

were rated using a 5-point scale (medial tempo-152

ral lobe atrophy scores), ranging from 0 (indicative153

of no atrophy) to 4 (severe atrophy) based on the154

height of the hippocampal formation and surround-155

ing cerebrospinal spaces. Earlier work from our group156

showed that patients with a score of 3 or higher on157

the atrophy of the medial temporal lobe scale (left158

and right scores summed) were at increased risk for159

AD development [34]. One person in the control160

group had a score of 3, while none of the control161

participants scored above 3. In the aMCI group, 16162

out of 18 patients (89%) obtained a score equal to163

or higher than 3, while the other 2 aMCI patients164

had a score of 2. Additionally, to examine MTL-165

independent contributions of the cerebro-cerebellar166

DMN connectivity on cognition, we also performed167

a manual segmentation of left and right hippocam-168

pal volumes using the protocol described in Clerx169

et al. [35]. Hippocampal volumes were adjusted for170

intracranial volume by calculating the hippocampal171

volume/intracranial volume ratio. Both MTA scores172

and hippocampal volumes provide topographic infor-173

mation about underlying neuronal damage specific174

characteristic for AD, damage which could increase175

the likelihood of developing AD [29, 36].176

Procedures177

Testing was conducted across two days. During the178

first session, a neuropsychological assessment and179

the HDRS were administered to ensure adherence to180

the inclusion criteria. The neuropsychological assess-181

ment consisted of the following tests: Mini-Mental182

State Examination (MMSE) [37], verbal fluency task183

[38], letter digit substitution test (LDST) [39], Stroop184

color word task [40], Verbal word learning task185

(WLT) (5 learning trials, delayed recall and recog-186

nition) [41], and concept shifting task (CST) [42].187

Each participant received the tests in the same order.188

Finally, they were familiarized with magnetic res-189

onance imaging (MRI) via a dummy scan session.190

During their second visit the actual MRI scanning 191

session took place, which was at most 3 days after 192

their first visit. 193

MRI acquisition 194

The MRI examination was performed using a 3.0 T 195

whole body MR system (Philips Medical Systems, 196

Best, the Netherlands). Anatomical images were 197

acquired with a T1-weighted sequence: repetition 198

time (TR) = 8 ms, echo time (TE) = 3.7 ms, Flip Angle 199

(FA) = 8◦, field of view (FOV) = 240 × 240 mm2, 200

voxel size = 1 mm isotropic, matrix size = 240 × 240, 201

and number of slices = 180. 202

The resting state scans were performed using a 203

T2* echo planar imaging sequence: TR = 2000 ms, 204

TE = 35 ms, FA = 90◦, FOV = 224 × 224 mm2, voxel 205

size = 3.5 mm isotropic, matrix size = 64 × 64, and 206

number of slices = 36 (scan time 7 min). A high- 207

resolution T2* echo planar imaging sequence was 208

collected to improve registration: TR = 2200 ms, 209

TE = 30 ms, FA = 80◦, FOV = 224 × 224 mm2, voxel 210

size = 2 mm isotropic, matrix size = 112 × 110, and 211

number of slices = 70. Participants were instructed to 212

stay relaxed, keep eyes open, and to fixate on a white 213

cross that was projected on a mirror mounted on the 214

head coil. 215

MRI data analysis 216

BrainVoyager QX version 2.6.1.2318 [43], 217

FMRIB software library (FSL) version 5.0.4 218

(http://fsl.fmrib.ox.ac.uk/fsl/fswiki), in-house 219

written matlab scripts (MathWorks, Natick, MA, 220

USA) using NeuroElf (http://neuroelf.net/) and 221

the in-house developed software package GIANT 222

(EHBMG) [44] were used to perform preprocessing 223

and MRI analysis. 224

Data preprocessing 225

Anatomic and functional preprocessing. The high- 226

resolution T1-weighted images of each participant 227

were normalized to Talairach space [45]. These 228

anatomic images were co-registered to the func- 229

tional data using the BrainVoyager 3D Volume Tool. 230

Standard preprocessing procedures were performed 231

[43]. These included slice scan time correction using 232

cubic spline interpolation and removal of scanner 233

related linear and nonlinear drifts using a temporal 234

high-pass filter with cutoff set to 2 cycles per time 235

course. In addition, motion correction was applied 236

using a 3-dimensional rigid-body transformation of 237

http://fsl.fmrib.ox.ac.uk/fsl/fswiki
http://neuroelf.net/
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Fig. 1. Right and left cerebellar DMN (red) and VAN (green) seeds superimposed on the T1 images of one of the participants.

each volume to the first volume. Motion was first238

detected using trilinear interpolation and in a next step239

corrected using sinc interpolation. Talairach space240

was used to normalize the functional images result-241

ing in voxel size of 3 mm isotropic. Furthermore,242

brain extraction and intensity inhomogeneity cor-243

rection were performed. Finally, data were spatially244

smoothed with a Gaussian kernel of 4 mm full width245

at half maximum and temporally with a Gaussian246

kernel of 3 seconds full width at half maximum.247

Seed definition of the cerebellar default mode248

and ventral attention network. For seed correlation249

analysis, we selected two networks based on Buck-250

ner’s “7 networks” atlas consisting of 7 left and251

7 right cerebellar regions of interests (ROIs) esti-252

mated by their intrinsic functional connectivity [18].253

As our network-of-interest we used the cerebellar254

default mode network seed and as control network255

we selected the ventral attention network (VAN). The256

VAN was chosen as it is a cognitive network involved257

in stimulus-driven attentional control [46]. In this258

atlas, the DMN consists mainly of the Crus I and259

the Crus II and the VAN consists of lobule VI. These260

bilateral DMN and VAN cerebellar ROIs were eroded261

to the smallest size possible after which their respec-262

tive centers of gravity were derived. Each point was263

subsequently converted into a sphere with a diameter264

of 5 voxels, only including grey matter voxels, and a 265

size of 93 voxels each within the Crus I and Crus II 266

(DMN) or lobules VI (VAN) (see Fig. 1). The result- 267

ing spherical clusters were registered non-linearly to 268

each individual’s anatomical data in BrainVoyager’s 269

Talairach space by means of the associated T1 tem- 270

plate using FLIRT and FNIRT from FSL version 271

5.0.4. These registrations were checked visually for 272

anatomical accuracy. The resulting spherical clusters 273

served as seed regions for either the DMN or VAN 274

connectivity analysis. 275

Mask of the cerebral default mode or ventral 276

attention network. As our hypothesis was focused 277

on cerebro-cerebral DMN interactions, we applied a 278

mask for the cerebral DMN. In doing so, we assured 279

that only voxels of the cerebral DMN were included. 280

The cerebral DMN mask was created using the avail- 281

able and validated functional networks of Yeo et al. 282

[47]. These functional resting-state network parcella- 283

tions of Yeo et al. [47] were used as a reference for the 284

creation of the cerebellar resting-state networks by 285

[18] and therefore are topographically well-matched. 286

The functional parcellation of this DMN was reg- 287

istered to the average of all individuals’ anatomical 288

data using FLIRT and FNIRT. All statistical analy- 289

ses were constrained to the voxels within this mask. 290

For the control analyses involving the cerebellar VAN 291
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seed and cerebral VAN, a similar cerebral VAN mask292

was created employing the same method and applied293

during analyses.294

Physiological denoising and functional connectiv-295

ity analyses. Effects of variation unrelated to neural296

activity on the connectivity analyses were reduced by297

removing physiological nuisance variable from the298

resting state data via linear regression. These included299

time courses from the white matter and ventricles and300

the six motion parameters. Global signal regression301

was not included in the nuisance model, as it is known302

to introduce artefactual negative correlations between303

regions [48, 49].304

After regressing out the nuisance variable, the305

residual time course files were used for further analy-306

ses. The functional connectivity maps, defined as the307

Pearson’s correlation coefficient r, between each seed308

and every cerebral DMN or VAN voxel were calcu-309

lated for each participant. The individual r maps were310

z-transformed, normalized to Talairach space and fed311

into a random-effect General Linear Model with a312

two-group by two-seed design [50]. To statistically313

account for possible effects that could be explained314

by local structural differences or cortical atrophy, we315

added z-transformed total gray matter volume, nor-316

malized for intracranial volume as a covariate to the317

model [51]. Gray matter volume and intracranial vol-318

ume were estimated using SIENAX [52], part of FSL319

version 5.0.4. The within and between-group anal-320

yses were restricted to the cerebral DMN (or VAN)321

mask.322

The statistical maps were thresholded at a voxel-323

level threshold of p < 0.001, after which an empirical324

cluster size threshold was applied for multiple com-325

parisons correction, using the cluster-level statistical326

threshold estimator plugin [43] with 1000 iterations327

(Monte Carlo simulations), and estimating the spatial328

smoothness from the source statistical map. Resulting329

voxel clusters of these simulations were thresholded330

at a 5% false positive rate, resulting in an empirical331

minimum cluster size of 405 mm3. Peak activations332

were extracted from all resulting clusters for every333

participant for further analyses using in-house matlab334

scripts (MathWorks, Natick, MA, USA). All clusters335

were labeled with an anatomic label using Talairach336

client 2.4.3 (http://www.talairach.org).337

Statistical analysis of behavioral data338

All statistical analyses were done using R 3.2.4339

[53] (http://www.R-project.org/). Demographic and340

cognitive groups differences were investigated using341

two-sample t-test for continuous variables and a chi- 342

square test for categorical variables. 343

Within each group, the relevance of the DMN or 344

VAN functional connectivity differences for memory 345

performance was investigated with partial Pear- 346

son correlations between functional connectivity 347

measures and memory performance (WLT: total 348

learning and delayed recall) and executive function- 349

ing (Stroop: interference score time in s [40]) while 350

controlling for age as well as adjusted hippocampal 351

volume using the ppcor package [54]. Subsequently 352

hippocampal volume corrected for ICV was added 353

to the model as covariate to investigate the indepen- 354

dent effects of functional connectivity on memory 355

performance or executive functioning. Correction for 356

multiple comparisons was applied using the false 357

discovery rate controlling procedure [55] with a sig- 358

nificance threshold set at Q = 0.1. 359

RESULTS 360

Demographics and cognitive performance 361

The groups were successfully matched demon- 362

strating no differences with respect to age and 363

education (p > 0.05). There was no difference in 364

prevalence of hypertension between the two groups 365

(χ2 = 4.39, p = 0.11) or on the HDRS (t(34) = –1.75; 366

p = 0.09) (see Table 1). As could be expected, the 367

aMCI group demonstrated worse performance on 368

several tests, including the MMSE (t(34) = 2.19; 369

p = 0.04), the WLT total learning (t(34) = 3.91; 370

p < 0.001), the WLT delayed recall (t(34) = 6.17; 371

p < 0.001), the LDST (60 s) (t(34) = 2.43; p = 0.02), 372

the CST (card 3) (t(34) = –2.22; p = 0.03), and verbal 373

fluency (professions (t(34) = 2.63; p = 0.01); letter M 374

(t(34) = 2.37; p = 0.02)). 375

The cerebellar DMN is negatively coupled with 376

the cerebral DMN both within healthy controls 377

and aMCI patients 378

All within group functional connectivity analyses 379

revealed negative correlations between the cerebel- 380

lar and cerebral DMN, with overall fewer clusters in 381

the patient group compared to the control group (see 382

Table 2). In contrast as expected the within group 383

analyses for the VAN network revealed positive cor- 384

relations between the cerebellar and cerebral VAN 385

(see Table 3). 386

Within the healthy control group, negative func- 387

tional connectivity was observed between the left 388

http://www.talairach.org
http://www.R-project.org/
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Table 1
Characteristics of the aMCI patients and control participants

Controls (n = 18) aMCI (n = 18) Group difference
mean (SD) mean (SD) t p

Age (y) 64.56 (3.39) 65.11 (4.52) –0.42 0.68
Education level 6.61 (9.93) 4.44 (2.55) 0.90 0.38
MMSE (score) 28.89 (0.96) 27.61 (2.28) 2.19 0.04*
Total WLT (words) 37.50 (7.60) 26.06 (9.83) 3.91 <0.001***
WLT- delayed recall (words) 8.56 (1.89) 3.67 (2.79) 6.17 <0.001***
Stroop card 3 (in sec) 108.14 (19.73) 118.51 (45.75) –0.88 0.38
Stroop interference score (in sec) 53.39(13.59) 60.58(44.11) –0.66 0.52
LDST in 60 s (items) 32.56 (5.94) 26.72 (8.28) 2.43 0.02*
CST card 3 (in sec) 36.56 (13.12) 49.04 (19.89) –2.22 0.03*
Fluency animals (number) 23.17 (5.33) 21.39 (5.41) 0.99 0.33
Fluency professions (number) 19.78 (4.28) 15.28 (5.86) 2.63 0.01**
Fluency letter M (number) 15.83 (5.56) 11.44 (5.58) 2.37 0.02*
Hamilton depression rating scale (score) 0.61 (1.24) 1.56 (1.92) –1.75 0.09
Medial temporal lobe atrophy sum score 1.11 (0.90) 3.67 (0.97) –8.19 <0.001***
Left Hippocampal volume (%) 0.31(0.03) 0.29(0.04) 2.12 0.04
Right Hippocampal volume (%) 0.32(0.05) 0.28(0.05) 2.25 0.03
Left cerebellum volume (%) 3.37(0.29) 3.52(0.30) –1.57 0.13
Right cerebellum volume (%) 3.45(0.30) 3.54(0.28) –0.87 0.39

Group differences were calculated with independent t-tests for the continuous variables and chi-square for
categorical variables; Indication of the education level was given on an 8-point scale (range 1 = primary
school to 8 = university); The hippocampal and cerebellar volumes reflect the volume/intracranial volume
ratio.

cerebellar DMN seed and right and left regions in389

the cerebral DMN, including areas in the frontal390

lobe, temporal lobe, and parietal lobe. For our con-391

trol network, the control group demonstrated positive392

functional connectivity between both the left and393

right cerebellar VAN seed and the left and right394

regions in the cerebral VAN, including areas in the395

frontal, temporal, and parietal lobe.396

Within the group of aMCI patients negative func-397

tional connectivity was demonstrated between the398

left cerebellar DMN seed and the frontal lobe.399

Furthermore, negative functional connectivity was400

demonstrated between the left cerebellar DMN seed401

and areas in the left frontal and temporal lobe. Finally,402

the right cerebellar DMN seed showed negative func-403

tional connectivity with areas in the right and left404

frontal and temporal lobes. Within the group of aMCI405

patients our control network demonstrated positive406

functional connectivity between both the left and407

right cerebellar VAN seed and the left and right408

regions of the cerebral VAN, including frontal, tem-409

poral, and parietal lobe.410

Lower anti-correlations in aMCI patients411

compared to healthy controls412

Compared to the healthy controls, aMCI413

patients showed lower negative correlations (anti-414

correlations) between the left cerebellar DMN415

seed and the right cerebral superior temporal gyrus 416

(extending into the insula), and medial frontal 417

gyrus (extending into the anterior cingulate cortex), 418

as well as for the right parahippocampal gyrus 419

(extending into the posterior cingulate cortex (PCC) 420

and precuneus). Furthermore, lower anti-correlation 421

was observed between the left cerebellar DMN seed 422

and the left cerebral medial frontal gyrus, middle 423

frontal gyrus (extending into the anterior cingulate 424

cortex), and parahippocampal gyrus (extending into 425

the PCC) in aMCI patients compared to healthy 426

controls (see Table 4 and Fig. 2). For the right 427

cerebellar seed, the aMCI patients showed lower 428

negative correlations to the left anterior cingulate 429

cortex (see Table 4 and Fig. 2). 430

For the control cerebellar VAN seeds, aMCI 431

patients showed lower correlations for both the left 432

and right seed with the left middle frontal gyrus (see 433

Table 5 and Fig. 3). 434

Relevance of cerebro-cerebellar DMN 435

connectivity to memory performance 436

After multiple comparison correction, we observed 437

within the aMCI group significant correlations 438

between higher memory scores and stronger neg- 439

ative functional connectivity values between the 440

left cerebellar seed and right medial frontal 441

gyrus (Learning: r = –0.534, p = 0.027), left mid- 442
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Table 2
Cerebellar-cerebral DMN connectivity patterns within the groups

Region of interest Hemi-sphere Peak t Talairach Size in
coordinates x;y;z voxels

Left cerebellar seed: Controls
Superior Frontal Gyrus R –4.38 20; 20; 57 2204
Middle Frontal Gyrus R –4.15 29; 23; 36 624
Medial Frontal Gyrus R –5.58 8; 52; 3 9634
Inferior Frontal Gyrus R –5.00 50; 19;9 3755
Middle Temporal Gyrus R –6.27 62; –35; –3 9328
Middle Temporal Gyrus R –5.16 56; –8; –5 3565
Middle Frontal Gyrus L –4.56 –25; 7; 45 1254
Middle Frontal Gyrus L –4.66 –40; 13; 33 1113
Inferior Frontal Gyrus L –4.29 –46; 31; 6 1020
Superior Temporal Gyrus L –6.38 –61; –44; 21 2487
Superior Temporal Gyrus L –4.55 –49; –2; –8 1033
Superior Temporal Gyrus L –4.30 –61; –26; 4 683
Lingual Gyrus L –7.30 –13; –50; 3 12986

Left cerebellar seed: aMCI
Inferior Frontal Gyrus R –4.08 43; 31; 9 673
Inferior Frontal Gyrus L –4.98 –55; 6; 18 5099
Middle Temporal Gyrus L –4.07 –40; –71; 18 960
Middle Temporal Gyrus L –4.81 –61; –50; 9 2267
Middle Temporal Gyrus L –4.06 –52; –41; 0 864

Right cerebellar seed: Controls
Superior Frontal Gyrus R –4.02 5; 49; 33 759
Middle Frontal Gyrus R –5.28 27; 58; 12 719
Middle Frontal Gyrus R –3.97 20; 19; 54 797
Inferior Frontal Gyrus R –3.66 50; 15; 15 909
Superior Temporal Gyrus R –4.96 41; –47; 19 3016
Superior Temporal Gyrus R –4.53 44; –20; –3 917
Middle Temporal Gyrus R –3.97 50; –2; –12 734
Middle Temporal Gyrus R –5.41 37; –65; 21 1630
Posterior Cingulate R –4.64 2; –14; 18 5544
Middle Frontal Gyrus L –6.46 –31; 58; 9 2677
Inferior Frontal Gyrus L –4.58 –43; 34; 4 2761
Inferior Frontal Gyrus L –4.11 –55; 26; 21 888
Anterior Cingulate L –4.89 –13; 34; 0 800
Middle Temporal Gyrus L –3.81 –40; –62; 15 980
Inferior Parietal Lobule L –5.16 –61; –44; 22 4246

Right cerebellar seed: aMCI
Inferior Frontal Gyrus R –4.48 44; 15; –3 1653
Superior Temporal Gyrus R –4.31 44; –32; 0 706
Inferior Frontal Gyrus L –4.11 –40; 28; 7 2213
Inferior Frontal Gyrus L –6.65 –56; 10; 24 1963
Middle Temporal Gyrus L –5.25 –65; –50; 9 1067

Significant functional connectivity for Right or left cerebellar seed at p < 0.001.

dle frontal gyrus (learning: r = –0.557, p = 0.020),443

and left parahippocampal gyrus (delayed recall:444

r = –0.597, p = 0.011). In contrast, no significant445

correlations between memory performance and446

cerebellar-cerebral functional connectivity were447

found for the control group or for the right448

cerebellar seed.449

To investigate whether these correlations were dif-450

ferent between the two groups, we performed a linear451

regression analysis including the interaction term452

“group by functional connectivity” on memory per-453

formance while controlling for age. The interaction454

for the functional connectivity between the left cere- 455

bellar seed and left middle frontal gyrus interaction 456

showed significant group differences between both 457

groups in memory performance (R2adj = 0.42). The 458

model showed that in aMCI patients, and not in con- 459

trols, positive correlations between the left cerebellar 460

DMN and left middle frontal gyrus were associated 461

with worse scores on the WLT (� = –156.77, p = 0.02) 462

(see Fig. 4A). Accounting for the contribution of 463

hippocampal volume revealed no effect of hip- 464

pocampal volume (� = –7.15, p = 0.70) on memory 465

performance, while the group by functional connec- 466
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Table 3
Cerebellar-cerebral VAN connectivity patterns within the groups

Region of interest Hemi-sphere Peak t Talairach Size in
coordinates x;y;z voxels

Left cerebellar seed: Controls
Insula R 12.09 47; –29; 24 15584
Middle Frontal Gyrus R 12.09 38; –4; 54 4214
Precentral Gyrus R 10.33 47; –6; 9 18229
Middle Frontal Gyrus R 11.77 33; 37; 24 4221
Cingulate Gyrus R 16.34 8; –38; 39 41800
Middle Frontal Gyrus L 9.52 –31; 40; 33 6364
Insula L 11.72 –40; –17; 6 20143
Postcentral Gyrus L 6.58 –46; –48; 51 1242
Postcentral Gyrus L 11.82 –61; –26; 21 14316

Left cerebellar seed: aMCI
Middle Temporal Gyrus R 9.82 52; –53; 0 15666
Precentral Gyrus R 7.57 43; –2; 36 4208
Precentral Gyrus R 7.02 53; –5; 6 18264
Superior Frontal Gyrus R 7.37 22; 46; 33 3760
Precuneus L 12.77 –14; –56; 45 40910
Middle Frontal Gyrus L 6.13 –34; 31; 36 5062
Superior Temporal Gyrus L 10.26 –55; –9; 9 18975
Precentral Gyrus L 6.85 –39; –11; 45 1242
Superior Temporal Gyrus L 11.81 –58; –38; 21 14320

Right cerebellar seed: Controls
Insula R 16.39 47; –29; 21 15556
Middle Frontal Gyrus R 11.47 38; –4; 54 4214
Precentral Gyrus R 9.47 50; –5; 9 16613
Middle Frontal Gyrus R 11.98 32; 38; 24 4186
Cingulate Gyrus R 17.80 5; –35; 39 41533
Middle Frontal Gyrus L 11.36 –34; 40; 33 6395
Superior Temporal Gyrus L 11.35 –55; 8; 3 19725
Precentral Gyrus L 10.14 –46; –5; 48 1242
Inferior Parietal Lobule L 13.70 –61; –22; 24 14237

Right cerebellar seed: aMCI
Middle Temporal Gyrus R 9.47 56; –53; 9 15659
Precentral Gyrus R 7.50 41; –8; 42 4208
Precentral Gyrus R 6.79 50; –2; 9 16865
Superior Frontal Gyrus R 7.80 22; 46; 33 3429
Cingulate Gyrus L 15.63 –13; –44; 42 40626
Middle Frontal Gyrus L 7.52 –38; 31; 30 5534
Superior Temporal Gyrus L 10.96 –55; –9; 9 19268
Precentral Gyrus L 6.30 –43; –8; 48 1242
Superior Temporal Gyrus L 10.82 –58; –38; 21 14281

Significant functional connectivity for Right or left cerebellar seed at p < 0.001.

Table 4
DMN Cerebellar-cerebral connectivity differences between the groups

Region of interest Hemi-sphere Peak t Talairach Size in
coordinates x;y;z voxels

Left cerebellar seed: controls > aMCI
Medial Frontal Gyrus R –4.80 8; 46; 18 1883
Superior Temporal Gyrus R –5.76 47; –11; –2 691
Parahippocampal Gyrus R –3.67 11; –46; 6 2385
Middle Frontal Gyrus L –4.44 –22; 52; 15 933
Medial Frontal Gyrus L –3.71 –13; 43; 30 698
Parahippocampal Gyrus L –6.91 –14; –47; 3 961

Right cerebellar seed: controls > aMCI
Anterior Cingulate L –3.67 –4; 37; 0 659

Significant difference in functional connectivity between groups at p < 0.001.
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Fig. 2. Cortical DMN-clusters showing significant anti-correlations with the left cerebellar DMN seed. A) Superior temporal gyrus; B)
Parahippocampal gyrus; C) Medial frontal gyrus; D) Parahippocampal gyrus; E) Medial frontal gyrus; F) Middle frontal gyrus. Cortical
DMN-cluster showing significant anti-correlation with right cerebellar DMN seed. G) Anterior cingulate. R, right; L, left. Lower halve shows
violin plots corresponding to the distribution of the functional connectivity within the clusters, blue = controls, red = aMCI.

Table 5
VAN Cerebellar-cerebral connectivity differences between the groups

Region of interest Hemi-sphere Peak t Talairach Size in
coordinates x;y;z voxels

Left cerebellar seed: controls > aMCI
Middle Frontal Gyrus L 3.51 –29; 31; 24 525

Right cerebellar seed: controls > aMCI
Middle Frontal Gyrus L 3.40 –29; 31; 24 560

Significant difference in functional connectivity between groups at p < 0.001.

tivity interaction remained significant (� = –156.57,467

p = 0.02; R2adj = 0.40).468

Specificity of cerebro-cerebellar DMN469

connectivity to memory performance470

No significant group by DMN connectivity inter-471

action effect was shown (� = 343.05, p = 0.23) on472

executive performance (R2adj = –0.08; see Fig. 4B).473

The interaction for the group by functional con-474

nectivity between the left cerebellar VAN seed475

(� = 28.45, p = 0.37; R2adj = 0.25) as well as the476

right cerebellar VAN seed (� = 22.33, p = 0.50;477

R2adj = 0.24) with the left middle frontal gyrus478

showed no significant relationship with memory479

performance (see Fig. 5). In addition, there was480

also no significant interaction for the cerebro-481

cerebellar VAN connectivity on executive function-482

ing (Left: � = –131.95, p = 0.29; R2adj = 0.25; Right:483

� = –63.41, p = 0.63; R2adj = 0.24; see Fig. 6).484

DISCUSSION485

The aim of this study was to investigate differences486

in the interaction between the cerebellar and cerebral487

DMN between healthy older individuals and patients488

with aMCI and whether these functional connectivity489

patterns are relevant for memory functioning. Pre- 490

vious studies have established that the cerebellum 491

plays a modulatory role in cognition and that the 492

intrinsic networks of the cerebrum can be mapped 493

onto regions of the cerebellum, which are specifi- 494

cally targeted by neurodegenerative processes in AD 495

and possibly MCI [18, 47]. Our results extend these 496

observations with two novel findings: 1) during rest, 497

the cerebellar DMN is negatively coupled to the cere- 498

bral DMN, and this anti-correlation is reduced in 499

aMCI patients compared to controls; 2) these anti- 500

correlations were associated with optimal memory 501

performance, as lower memory performance corre- 502

lates negatively with cerebellar-cerebral functional 503

connectivity in the aMCI group. These findings show 504

that DMN alterations extend beyond the cerebrum 505

in early dementia, but importantly also carry clinical 506

relevance. 507

The finding of negative correlations between the 508

cerebellar and the cerebral DMN areas occurring in 509

both groups suggests that these patterns might be 510

inherent to older individuals. However, whether these 511

anti-correlations are also observed in younger age 512

groups, remains to be investigated. To the best of our 513

knowledge, only four studies so far have investigated 514

cerebellar resting-state functional connectivity in the 515

context of aMCI or aging. All these studies reported 516
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Fig. 3. Left middle frontal clusters showing significant correlations with the left cerebellar VAN seed (A) and right cerebellar VAN seed
(B), respectively. The bottom row shows violin plots corresponding to the distribution of the functional connectivity within the clusters for
each group, blue = controls, red = aMCI.

Fig. 4. A) Correlation between functional connectivity between the left cerebellum DMN and Middle Frontal Gyrus and performance on
the WLT total learning for healthy controls (blue) and aMCI patients (red). In the aMCI group, positive correlations between the cerebellar
DMN and middle frontal gyrus were associated with worse memory performance. This association was not observed in the healthy controls.
**p < 0.01. B) No association was found between functional connectivity between the left cerebellum DMN and middle frontal gyrus and
performance on the Stroop total learning for healthy controls (blue) and aMCI patients (red).
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Fig. 5. Correlation between functional connectivity between the right cerebellum VAN and middle frontal gyrus and performance on the
WLT total learning for healthy controls (blue) and aMCI patients (red). No significant interaction was observed between the cerebellar VAN
and middle frontal gyrus on memory performance.

Fig. 6. Correlation between functional connectivity between the right cerebellum VAN and middle frontal gyrus and performance on the
WLT total learning for healthy controls (blue) and aMCI patients (red). No significant interaction was observed between the cerebellar VAN
and middle frontal gyrus on memory performance.

both increased and decreased functional connectiv-517

ity in patients compared to controls. However, these518

inconsistencies may be due to anatomic heterogene-519

ity as their focus was not specifically on the cerebellar520

DMN, but rather on a large area of the cerebel-521

lum covering sensorimotor and cognition functions522

or lobule IX [24–26]. Earlier study by Zheng et523

al. [56] specifically compared an AD patient group524

with healthy controls, and demonstrated decreased525

functional connectivity between the cerebellum and526

various cortical networks including the DMN. Cru-527

cially, this study examined patients with end stage528

AD, a stage at which amyloid pathology may have529

propagated to the cerebellum and thus impact cere-530

bellar connectivity. In contrast, our study investigated531

aMCI patients, a stage at which amyloid pathology532

is thought to have not yet spread outside the cere-533

bral regions, and was therefore able to show that534

in an early phase of the disease loss of cerebellar- 535

cerebral anti-correlations is already present and is 536

detrimental for memory performance. Interestingly, 537

Steininger et al. [57] showed in a group of cognitively 538

healthy older adults that changes in functional con- 539

nectivity of cerebellar DMN network is not dependent 540

on amyloid deposition, but reported similar to our 541

results, negative correlations with the limbic, medial 542

temporal, and frontal areas, suggesting that cerebro- 543

cerebellar anti-correlations between DMN regions 544

could be a phenomenon typical for older individuals. 545

It remains to be investigated if these anti-correlations 546

will be observed in other cerebro-cerebellar net- 547

works, as well as younger age groups. In addition, 548

Steininger et al. [57] also reported positive corre- 549

lations between the cerebellar DMN and temporal, 550

parietal, and occipital clusters, but the cerebral areas 551

did not overlap with DMN areas in our study, and 552
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thus also not with the template from Yeo et al. [47],553

suggesting that the cerebro-cerebellar interactions in554

aging may behave differently within other intrinsic555

networks.556

Negative correlations or anti-correlations in the557

DMN are a topic of debate, and therefore we558

opted to not apply global signal regression, as559

this could possibly induce mathematically generated560

anti-correlations [49, 58]. The observed diminished561

anti-correlations in the aMCI group are in accor-562

dance with findings that decreased DMN connectivity563

anti-correlation have been detected in healthy aging564

[59, 60], and in neurodegenerative disorders such as565

AD [61, 62]. Efficient anti-correlation of the task-566

negative DMN with the task-positive network has567

been suggested to be important for cognitive func-568

tioning in a healthy population [61, 63–65]. Our569

findings have extended these observations in the sense570

that anti-correlations also seem to occur between571

cerebellar and cerebral areas of the same functional572

network.573

In addition, our results suggest specificity of574

the cerebral-cerebellar functional connectivity dif-575

ferences of the DMN for memory dysfunction in576

aMCI patients. In contrast to the DMN, the cerebral-577

cerebellar functional connectivity differences from578

our control seeds in the cerebellar VAN were not579

related to memory functioning, even though the580

aMCI group exhibited lower functional connectivity581

between the cerebellar VAN and the middle frontal582

gyrus compared to the control group. While static583

functional connectivity does not provide information584

on directionality and we cannot preclude top-down585

influences, we carefully speculate that these anti-586

correlations between the cerebellar and cerebrum587

DMN areas may be necessary for bottom-up reg-588

ulations for higher order cognitive functions by589

keeping the functioning of the DMN in balance590

and thereby fine-tuning our behavior and cogni-591

tive performance. The cerebellum could aid in the592

accurate switching between default mode and task593

related attention networks. The ability to switch594

between modes is known to be affected in AD result-595

ing in aberrant DMN activity [66]. The effects of596

bottom-up influences of the cerebellum were cor-597

roborated in animal research by showing that by598

enhancing bottom-up cerebellar connections to the599

cortex, cortical plasticity was promoted resulting600

in reparative reorganization after brain injury [67].601

Additionally, bottom-up influences of the cerebellum602

have been associated with high-level goal-oriented603

behavior in rats during spatial navigation tasks.604

Specifically, by fine-tuning the memory integration 605

of spatial locations thereby heightening the accu- 606

racy of hippocampal spatial codes [68]. Furthermore, 607

human studies demonstrated that the balance between 608

cortical and cerebellar activation is important for 609

fine-tuning attentional strategies. Successfully cop- 610

ing with a high load on attentional recourses was 611

associate with increased cerebellar recruitment cou- 612

pled to lower cortical activity in high educated 613

participants [69]. Further support for this hypoth- 614

esis is found in our cognitive-imaging correlations 615

that showed that negative connectivity between the 616

cerebellum DMN and cerebral DMN is associated 617

with better memory performance, whereas positive 618

coupling was associated with worse memory perfor- 619

mance in aMCI patients. This suggests that strong and 620

intact cerebellar-cortical anti-correlations are benefi- 621

cial for performance on memory tasks [59, 68, 70]. 622

Notably, the relationship with memory perfor- 623

mance was observed for cerebellar DMN connectiv- 624

ity with the middle frontal DMN regions. This is to the 625

best of our knowledge the first study showing that the 626

cerebellum plays a role in declarative memory deficits 627

in aMCI patients and that this effect was independent 628

of hippocampal volume. In line with previous litera- 629

ture our results do not show a significant difference 630

in cerebellar volume between healthy individuals and 631

aMCI patients [71, 72]. Recent work suggested that 632

the Crus I would show atrophy late in the disease 633

process [73] leaving us to speculate that functional 634

connectivity changes of the cerebellar-cerebral DMN 635

precede atrophy of the cerebellar DMN region. Since 636

the association with memory was only observed for 637

the frontal region and not the medial temporal regions 638

and no association was shown with executive func- 639

tioning, we propose—in keeping with the dysmetria 640

of thought hypothesis [74, 75]—that the cerebellum 641

has a modulating role on the executive components 642

of memory performance. Specifically, our results sup- 643

port the executive working memory disturbances seen 644

in patients with cerebellar lesions that the cerebel- 645

lar frontal connectivity is important in regulating 646

the retention of information thereby aiding memory 647

capacity [75]. In addition to its known involvement in 648

other cognitive operations such as timing, prediction, 649

and integrating information for learning [1]. 650

There are a number of limitations to our study. 651

First, our study included a relatively small sample 652

size of 36 male only participants in total. How- 653

ever, we were able to show differences in functional 654

connectivity between aMCI patients and healthy con- 655

trols and relate it to memory functioning. To further 656
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investigate how the cerebellar-cerebral functional657

connectivity supports memory performance in the658

general population, future studies should examine659

larger populations including both males and females.660

Additionally, including larger groups would open up661

the possibility to perform structured mediation anal-662

yses to test directly whether executive functioning663

or processing speed mediates the relation between664

cerebro-cerebellar functional connectivity and mem-665

ory performance. Second, as we did not collect666

amyloid or tau burden on these individuals, we cannot667

rule out that some of our cognitively normal partici-668

pants are in a preclinical AD stage and cannot fully669

guarantee that the cognitive impairment in the MCI670

and AD groups was due to AD pathology. Addition-671

ally, future availability of longitudinal pathological672

information could have provided additional informa-673

tion about the changes in AD progression over time.674

Recent work by Schultz et al. [76] showed that hyper-675

connectivity was associated with the presence of676

amyloid, while hypo-connectivity was determined by677

the presence of both amyloid and tau pathology. The678

authors suggested this pattern of hyper- and hypo-679

connectivity to be consecutive phases in prodromal680

AD. Future research could investigate how patterns of681

cerebro-cerebellar connectivity differ depending on682

the amount of both neuropathological protein accu-683

mulations. In addition, future studies including larger684

groups as well as pathological information could685

explore specific volumetric changes of the Crus I and686

II in these groups. Lastly, the current study did not687

use the SUIT toolbox to parcellate the cerebellum we688

invite future studies to replicate the current findings689

using the SUIT toolbox [77].690

Overall, our results suggest that healthy cognitive691

aging is supported by intact cerebellar-cerebral anti-692

correlations and that deterioration of these functional693

connections in MCI is associated with worse memory694

performance. Crucially, these findings suggest that695

the modulatory role of the cerebellum on cognitive696

functioning has relevance to memory performance697

and to neurodegenerative diseases involving memory698

deficits.699
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