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Abstract 

There has been growing attention on the effect of COVID-19 on white-matter microstructure, 

especially among those that self-isolated after being infected. There is also immense scientific 

interest and potential clinical utility to evaluate the sensitivity of single-shell diffusion MRI 

methods for detecting such effects. In this work, the sensitivities of three single-shell-

compatible diffusion MRI modeling methods are compared for detecting the effect of COVID-

19, including diffusion-tensor imaging, diffusion-tensor decomposition of orthogonal moments 

and correlated diffusion imaging. Imaging was performed on self-isolated patients at baseline 

and 3-month follow-up, along with age- and sex-matched controls. We demonstrate through 

simulations and experimental data that correlated diffusion imaging is associated with far 

greater sensitivity, being the only one of the three single-shell methods to demonstrate COVID-

19-related brain effects. Results suggest less restricted diffusion in the frontal lobe in COVID-19 

patients, but also more restricted diffusion in the cerebellar white matter, in agreement with 

several existing studies highlighting the vulnerability of the cerebellum to COVID-19 infection. 

These results, taken together with the simulation results, suggest that a significant proportion 

of COVID-19 related white-matter microstructural pathology manifests as a change in water 

diffusivity. Interestingly, different b-values also confer different sensitivities to the  effects. No 

significant difference was observed in patients at the 3-month follow-up, likely due to the 

limited size of the follow-up cohort. To summarize, correlated diffusion imaging is shown to be 

a sensitive single-shell diffusion analysis approach that allows us to uncover opposing patterns 

of diffusion changes in the frontal and cerebellar regions of COVID-19 patients, suggesting the 

two regions react differently to viral infection.  
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Introduction 

It is increasingly recognized that a major cause of death in COVID-19 is infection of the central-nervous 

system (CNS) (Iadecola et al., 2020). On the strength of earlier evidence from SARS and MERS, the nasal 

passage and blood-brain barrier serve as the main points of entry into the brain (Krasemann et al., 2022; 

Meinhardt et al., 2021). The regions surrounding the olfactory cortex, including contrast to noise ratio 

the orbitofrontal cortex, may be affected as suggested by reports of loss of olfaction (anosmia) in some 

COVID-19 patients with early variants (ENT UK at The Royal College of Surgeons of England, 2020). 

Neurological effects of COVID are important considerations among those that self-isolated, but remain 

under-investigated, particularly the more subtle microstructural brain effects that are not visible on 

conventional clinical scans. Even mild COVID-19 can induce CNS damage (Fernández-Castañeda et al., 

2022). Moreover, in an increasing portion of infected individuals, COVID-19 neurological and psychiatric 

effects may be prolonged substantially beyond the period of infection (i.e. the post-COVID condition) 

(Callard and Perego, 2020; Stefanou et al., 2022). There is, nonetheless, limited understanding of the 

pathophysiological mechanisms of the post-COVID condition. 

Neuroinflammation has been suggested as the core pathophysiological change associated with 

viral infections of the CNS in both acute COVID-19 and the post-COVID stage (Lee et al., 2022; Shankar et 

al., 2008). The inflammatory response can lead to recruitment of immune cells and edema, and if 

unchecked, will lead to cell death. A hallmark of the early inflammatory process is the destruction of the 

myelin sheaths protecting the cerebral white matter (demyelination), which can be a promising search 

target. As the degree of neuroinflammation depends on the context, duration, and course of the 

primary viral invasion (DiSabato et al., 2016), so does the manifestation of inflammation. To this point, 

different types of neuroimaging tools are useful for capturing the early-acute, late-acute and subacute 

phases of infection. For instance, neuronal death can be observed as edema, ischemic lesions and tissue 

loss by macrostructural T1 and T2 magnetic resonance imaging (MRI) (Russo and McGavern, 2015), 

particularly in the white matter bordering grey-matter (Gilden, 2008). Conversely, white-matter 

microstructural changes are an earlier marker of neuroinflammation that can be captured using 

diffusion MRI. Diffusion MRI markers have been well correlated with disruptions in the blood-brain 

barrier and with biomarkers of infection and inflammation in the cerebrospinal fluid (Wright et al., 

2015). Conventional diffusion tensor imaging (DTI) metrics describe the size and shape of the diffusion 

tensor (Pierpaoli and Basser, 1996), and typically can be derived from single-shell diffusion MRI 

acquisitions, which are the dominant type of acquisition in clinical research. The DTI method of 
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acquisition and analysis provides estimates of mean diffusivity (MD) and fractional anisotropy (FA), but 

the latter is confounded by concurrent MD effects. The DT-DOME (orthogonal decomposition based on 

the eigenvalue moments) method was proposed as a simple solution to this challenge, whereby the 

diffusion pattern is characterized by the norm of anisotropy (NA) and mode of anisotropy (MO) instead 

of FA (Chad et al., 2021). 

There has been a recent increase in studies that assess brain microstructure in COVID-19 

(Esposito et al., 2022; Lu et al., 2020a). Notably, one was conducted amongst 60 hospitalized patients at 

baseline and 3-month follow-up (Lu et al., 2020a); reduced MD and axial diffusivity (AD) were found in 

the superior fronto-occipital fasciculus, the external capsule and the corona radiata. These observations 

were attributed to the accumulation of necrotic debris following neuroinflammation that impedes 

extracellular diffusion (Bhatt et al., 2017; Westman et al., 2019). The other study, focusing on a 1-year 

follow-up of hospitalized COVID-19 patients (Huang et al., 2021; Lu et al., 2020b), despite the absence of 

any significant patient-control difference in conventional DTI and diffusional-kurtosis parameters.  

The literature presents several knowledge gaps: (1) both of these diffusion MRI studies were 

conducted on hospitalized patients, whereas the majority of patients are not being hospitalized during 

the pandemic, are self-isolated while infectious, and have not been well studied by medical imaging 

modalities; (2) these two studies disagree on the nature of microstructural effects of COVID-19, possibly 

as they were conducted at different follow-up times; (3) the lack of evidence regarding the post-COVID 

condition hamper our efforts to trace possible underlying disease mechanisms; (4) whereas one of the 

two studies showed COVID-related effects only when using multi-compartmental analysis of multi-shell 

data, single-shell DTI acquisitions are more practical clinically, and assessing the sensitivity of single-shell 

based metrics to COVID effects is valuable to the research community. It is thus likely that the sensitivity 

of existing single-shell metrics is insufficient, and it is beneficial to broaden the exploration of single-

shell methods. One potential alternative presented in this work is a single-shell compatible method 

called correlated diffusion imaging (CDI) was  proposed to enhance the difference between normal and 

cancerous prostate tissue (Wong et al., 2013). Given its sensitivity to prostate cancer, it would be useful 

to explore its utility in imaging COVID-19 effects. Thus, in this study,  we aim to compare the sensitivity 

of single-shell DTI, DT-DOME and CDI in their abilities to address the above research gaps related to  the 

imaging of COVID-19 effects on white matter microstructure. 
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Methods 

Simulations 

The theory of DTI, DT-DOME and CDI are detailed in the Theory section of the Supplementary Materials. 

Briefly, DT-DOME uses orthogonal tensor decompositon to generate unbiased parameters of anisotropy 

NA and MO (Chad et al., 2021), while CDI provides a marker based on multiplicative diffusion-image 

intensities that is sensitized to restricted diffusion (Wong et al., 2013). To better understand the 

relationship between conventional DTI, DT-DOME and CDI parameters and their sensitivities to 

pathology, and to demonstrate the application of the CDI concept to conventional brain diffusion 

imaging protocols, we simulated a set of diffusion signals arising from 34 diffusion directions, with a 

single b value of 700 s/mm2, plus a single b=0 volume. The signal intensity is simulated for two types of 

ground truth: 

1. healthy white matter, with anisotropic diffusion (NA = 1 mm2/s), and an MD of 0.6 

mm2/s; 

2. diseased white matter, with a range of MD values from 80% to 120% of healthy tissue, 

also for an isotropic and anisotropic case.  

We generated diffusion-weighted signals using Eq. 1, and added multiple instances of Rician noise, with 

the noisy signal defined as  

  𝑆′ = √(𝑆 + 𝑣1)2 + 𝑣2
2  ,       (1)  

where 𝑣1and 𝑣2  are the real and imaginary components of the noise signal, both normally distributed. 

The SNR, defined as 𝑆/√𝑣1
2 + 𝑣2

2, is set to vary from 10 to 110, and signals were obtained using 100 

independent instances of Rician noise for each SNR, as is typical of diffusion images at 3 Tesla.   

Since the CDI intensity is based on a product, it can quickly exhaust our data range. To compress 

the dynamic range of CDI values, a log transformation is applied to the product in Eq. A7 

(Supplementary Materials) to provide the final CDI value (log(CDI)). A typical log(CDI) map generated 

from in vivo DTI data is shown in Fig. A4 in Supplementary Materials. We further defined a range of  

fractional MD deviation of the simulated tissue from “healthy” (i.e. ground-truth MD of disease 

tissue)/(ground-truth MD of healthy tissue).  We assessed the following metrics for comparing DTI and 

CDI performance over this range: 
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1. Effect size = {(estimated parameter for disease tissue) - (estimated parameter for healthy 

tissue)}/(estimated parameter for healthy tissue); 

2. Contrast-to-noise ratio (CNR) = mean(effect size) / std(effect size) across multiple noise 

instances and SNRs. 

 

Study Participants 

Participants in the current study were recruited between May 2020 and September 2021 through the 

Department of Emergency Medicine at Sunnybrook Health Sciences Centre, Toronto, Canada, physician 

referral, and community advertisements. Eligibility and consenting procedures were performed over 

phone or email. The Research Ethics Board at Sunnybrook Health Sciences Centre approved this study. 

Inclusion criteria for this study included being between 20 and 75 years of age and having documented 

evidence of a positive or negative COVID-19 diagnosis, as determined by a provincially approved facility 

through a nasopharyngeal or oropharyngeal swab and subsequent real-time reverse transcription 

polymerase chain reaction (RT-PCR) test. Exclusion criteria for this study included previous diagnosis of 

dementia, an existing neurological disorder, severe psychiatric illness, previous traumatic brain injury, 

on-going unstable cardiovascular disease, or contraindications to MRI (e.g., ferromagnetic implants). 

 

Study design 

The current study stems from the NeuroCOVID-19 observational neuroimaging protocol (MacIntosh et 

al., 2021). We report on participants who were recruited to one of two groups: 1)COVID+ (N= 39)  

individuals that had tested positive for COVID-19 at an Ontario-approved facility, went into home 

isolation and have recovered from the acute symptoms; 2) COVID- (N=14) individuals who experienced 

flu-like symptoms but tested negative for COVID-19. There was no statistical difference between the 

mean age of the COVID+ and COVID- groups (see Table 1). 19 of the COVID+ participants were imaged at 

3 months following the baseline imaging session.  
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Figure 1. Flow chart of study design. Two sets of comparison were performed: (i) between 

COVID+ and COVID- groups; (ii) between the baseline and 3-month time points in the COVID+ 

group. 

 

Cognitive and Emotional Scores 

The assessments are detailed in our recent publication (MacIntosh et al., 2021). Briefly, the NIH Toolbox 

full Cognition and Emotional Battery as well as the PROMIS tools (The Patient Reported Outcomes 

Measurement Information System, PROMIS-Canada) were administered using an iPad app, yielding 

Crystalized Intelligence Composite Scores, Fluid Intelligence Composite Scors, Negative Affect Memory, 

Well-being Summary and Social Satisfaction Summary Scores. Scores are summarized in Table 1. 

 

Table 1. Patient demographics. 

Category Patients (Initial) 
(STDEV) 

Patients (Follow-up) 
(STDEV) 

Controls 
(STDEV) 

n 39 19 14 
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Age 42.1 45.3 43 

Sex M:11;F:28 M:9;F:10 M:5;F:9 

Crystallized Composite Score 100.3 (13.0) 106.2 (13.0) 107.9 (9.8) 

Fluid Composite Score 104.5 (16.1) 109.6 (18.2) 99.5 (17.5) 

Negative Affect Summary 60.4 (9.5) 56.5 (8.1) 58.1 (14.0) 

Well Being Summary 45.8 (11.6) 46.7 (7.8) 42.8 (8.8) 

Social Satisfaction Summary 48.1 (11.5) 46.0 (9.5) 39.9 (12.7) 

 

Image Acquisition 

Diffusion MRI data were acquired on a Siemens Prisma 3T system with 5 b=0, 34 directions at 

b=700s/mm2, 34 directions at b=1400 s/mm2 and 34 directions at b=2100 s/mm2, with TR = 4.3 s, TE= 

62ms, matrix size=96x96x60 (2x2x2 mm3 voxel resolution), 2-fold through-plane simultaneous multi-

slice acceleration with 2 field-of-view shifts. A 1mm isotropic T1 anatomical image was also acquired for 

each participant, with TR/TE/TI = 2500/4.7/1100 ms, flip angle = 7o , FOV = 256x256x192 mm.  

Data Processing 

All data sets were manually checked for quality. Data were corrected for eddy currents and 

susceptibility-related distortions using EDDY and TOPUP, respectively. FA, MD, AD, RD, NA and MO were 

obtained using the single-compartment DTI-model fit implemented through FMRIB Software Library (FSL 

5.0) dtifit ((Jenkinson et al., 2012), using the b=0 and 700 s/mm2 shells. Correlated diffusion imaging 

(CDI) maps were computed based on the log transform of Eq. A9 with an in house MATLAB script, using 

data from all diffusion directions in each of the b = 0, 700, 1400, and 2100 s/mm2 shells. A CDI map was 

also generated for each b value separately. These resulted in FA, MD, AD, RD, NA, MO and CDI maps for 

all participants.  

Statistical Analysis 

FSL’s Tract-Based Spatial Statistics (TBSS) were used for voxelwise statistical analysis of the FA, MD, AD, 

RD, NA, MO, and CDI data. Voxelwise differences for each parameter were assessed for patients versus 

controls, as well as between initial visit and follow up. Each map was then subjected to significance 
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testing using FSL randomise with 500 permutations using threshold-free cluster en- hancement. Region 

of interest (ROI) analyses were performed on regions of significance from the voxelwise comparison. 

Group differences in cognitive and emotional scores were assessed using unpaired t-tests, thresholded 

at the 0.05 significance level. Cognitive and emotional scores with significant group differences were 

used as correlates in FreeSurfer’s General linear model (GLM) analysis to assess correlation with DTI 

parameters.  

Results 

Simulations 

The simulations revealed an inverse relationship between CDI and MD values. As shown in Fig. A1 in 

Supplementary Materials, increasing MD (mm2/s) is reflected in decreasing CDI, shown as increasingly 

negative log values (in this case for a SNR of 110). This is the case for both isotropic and anisotropic 

diffusion. However, no such relationship is discernible for CDI versus FA.  

 
Figure 2. Estimated CDI and DTI metrics for healthy and diseased white-matter tissue. Each vertex on 

the 3D mesh represents 1 data point, computed as the average across all noise instances at each SNR. In 

all cases, a contrast value > 1 indicates higher MD in diseased tissue. Increasing MD (b) is reflected as 

decreasing log(CDI) for diseased tissue (a), with FA showing minimal difference between health and 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 29, 2022. ; https://doi.org/10.1101/2022.09.29.510004doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.29.510004
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

10 

 

disease (c).  Note that the difference between the simulated healthy and diseased tissues is in MD alone, 

so as expected, NA (d) and MO (e) exhibit negligible contrast between tissue types. 

 

Shown in Fig. 2, are the estimated log(CDI) and corresponding MD, FA, NA and MO values for healthy 

and diseased tissue, averaged across all SNR and noise instances. When diseased tissue is modeled as 

variations in MD alone, increasing MD corresponds to decreasing log(CDI) and FA values, most 

consistently in anisotropic diffusion (Fig. 2b). The distinction between healthy and diseased tissue is 

unclear when viewed through NA and MO (Fig. d, e). The effect sizes, i.e. percent differences between 

healthy and diseased tissue, computed for the estimated MD, FA and corresponding log(CDI) values, and 

averaged across all SNR and noise instances, are shown in Fig. A2 of the Supplementary Materials. The 

log(CDI) and MD exhibit similar effect sizes, much higher than that of FA, NA and MO.  

 
 

Figure 3. Estimated CNRs associated with CDI and DTI metrics for distinguishing healthy and diseased 

white-matter tissue. Each vertex on the 3D mesh represents 1 data point. The CNR represents the effect 

size normalized by estimation variability, and is encoded by the colour bar. Note that the difference 

between the simulated healthy and diseased tissues is in MD alone, so as expected, NA (d) and MO (e) 

exhibit negligible contrast between tissue types. 
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Shown in Fig. 3 are the CNR comparisons for log(CDI), MD, FA, NA and MO. As CNR is based on both 

effect size and noise-related variability (encoded by the colour bar), a higher CNR is a robust indication 

of superior sensitivity to disease effects. log(CDI) is associated with maximum CNRs of 40 and higher 

(Fig. 3a) while MD and FA exhibit maximum CNRs of only 5-20 (Fig. 3b,c). Lastly, NA and MO exhibit 

negligible CNR (Fig. 3d, e).  

Experimental results 

We observed no significant difference between the baseline COVID+ and COVID- groups in terms of DTI 

metrics, including MD, FA, NA, AD, RD, and MO. However, we observed significant group differences 

through CDI values. Regions showing significantly higher log(CDI) in the COVID- group are shown in Fig. 

4. The biggest log(CDI) differences between groups are encoded by the lowest b values. The b=1400 

analysis reveals additional significant regions relative to the b=700 s/mm2 results, such as the genu of 

the corpus callosum. The b=2100 s/mm2 analysis shows least significance, although the superior corona 

radiata remains significant. Fig. 5 shows boxplots of DTI metrics averaged over a union of these CDI ROIs 

of significant difference. High significance is observed in the corona radiata, with greatest significance in 

the age-controlled analysis. High significance is also evident in superior longitudinal fasciculus in all 

three analyses. Regions of high significance are consistent with literature (Huang et al., 2021), however 

with widespread frontal effects. Fig. 5 demonstrates a general lack of significant group differences in 

these regions exhibited by conventional DTI and DT-DOME metrics.  

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 29, 2022. ; https://doi.org/10.1101/2022.09.29.510004doi: bioRxiv preprint 

https://paperpile.com/c/FccmSm/5GeNs
https://doi.org/10.1101/2022.09.29.510004
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

12 

 

 

Figure 4. CDI comparison of COVID+ and COVID- groups based on different b values controlled for age 

and sex differences, where log(CDI) is greater in COVID- participants. (a) b=700 s/mm2, (a) b=1400 

s/mm2, and (c) b = 2100 s/mm2.Orange-yellow indicate regions of statistically significant difference, with 

yellow indicating greater significance. Highest significance in the b=700  s/mm2 analysis.   Slices are 

taken as shown in the icon to the left.  

 

Figure 5. Region of interest (ROI) plots of DTI and log(CDI) values in regions where log(CDI) is greater 

in COVID- participants.  The ROI is defined as TBSS analysis regions where log(CDI) was greater in 

COVID- participants based on all gradient directions and b-values in the TBSS analysis. Red line 
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represents the median, the blue box represents the interquartile range, black lines represent minimum 

and maximum. Left boxes represent COVID- group and right boxes represent COVID+ group. Larger 

median in the COVID- group is evident in log(CDI) (a), MD (b), AD (c), RD (d), FA (e), and MO (g). Larger 

median in the COVID+ group is evident in NA (f).  

 

Regions showing significantly higher log(CDI) in the COVID+ group are shown in Fig. 6.  The biggest 

log(CDI) differences between groups are encoded by the highest b value. The b=2100 s/mm2 analysis 

reveals highest significance in the greatest number of voxels, particularly in the cerebellum. The b=700 

s/mm2 analysis also reveals significant differences in the cerebellum. The b=1400 s/mm2 analysis reveals 

no significant differences.Fig. 7 shows boxplots of DTI metrics averaged over a union of these CDI ROIs 

of significant difference.  As seen in Fig. 6, high significance is evident in the cerebellum. Fig. 7 

demonstrates a general lack of significant group differences in these regions exhibited by conventional 

DTI and DT-DOME metrics.  

 

Figure 6. CDI comparison of COVID+ and COVID- groups using different b values controlled for age and 

sex differences, where log(CDI) is greater in COVID+ participants. (a) b=700 s/mm2, (b) b=1400 s/mm2, 

and (c) b = 2100 s/mm2. Red regions are statistically significant.  Highest significance in the b=2100  

s/mm2 analysis.  Slices are taken as shown in the icon to the left.  
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Figure 7. Region of interest (ROI) plots of DTI and log(CDI) values in regions where log(CDI) is greater 

in COVID+ participants.  The ROI is defined as regions where log(CDI) was greater in COVID+ participants 

based on all gradient directions and b-values in the TBSS analysis. Red line represents the median, the 

blue box represents the interquartile range, black lines represent minimum and maximum. Left boxes 

represent COVID- group and the right boxes represent COVID+ group. Larger median in the COVID+ 

group is evident in log(CDI) (a) and MO (g). Larger median in the COVID- group is evident in MD (b), AD 

(c), RD (d), FA (e), and NA (f).  

 

Lastly, in Fig. 8, we show the comparison of the log(CDI) results against recently published results using 

multi-compartmental diffusion modeling (NODDI). The three-compartment NODDI model revealed 

reduced intracellular water fraction (Vic) in the genu of the corpus callosum, the superior longitudinal 

fasciculus and the corona radiata, suggesting reduced axonal density in patients  (Huang et al., 2021). 

Note that the regions of significant group difference in the current study are highly similar to those 

revealed by NODDI in a different population. Lastly, no significant differences were found between the 

initial and 3-month follow-up analysis, and expanded longitudinal evaluation is in progress. 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 29, 2022. ; https://doi.org/10.1101/2022.09.29.510004doi: bioRxiv preprint 

https://paperpile.com/c/FccmSm/5GeNs
https://doi.org/10.1101/2022.09.29.510004
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

15 

 

 

Figure 8. Comparison of current findings to findings in the literature. TBSS of log (CDI) results from the 

b=700 analysis (a) to ICVF results from NODDI analysis (b) (Huang et al., 2021). Orange-yellow regions in 

CDI analysis indicate regions of statistically significant higher log(CDI) in the COVID- group, with yellow 

indicating greater significance. Blue-light blue in the ICVF analysis indicates regions of higher Vic in a 

control group than a COVID+ group with dark blue representing higher Vic and light blue representing 

lower Vic. Both analyses reveal abnormal diffusion in the bilateral corona radiata of patients.   

 

Discussion  

There are numerous well-documented impacts of COVID-19 on the brain in the literature. It is clear that 

COVID can not only enter the brain (Reiken et al., 2022), but can have numerous metabolic, immune, and 

hematologic effects (Shaikh et al., 2022). In this work, we pioneer the application of correlated diffusion 

imaging (CDI) in neuroimaging of COVID-19. We show that whereas DTI metrics did not reveal differences 

between the white matter of COVID- and COVID+ groups, log(CDI) exhibits highly significant differences. 

Compared to the previous instances of CDI applications (so far limited to prostate cancer) (Khalvati et al., 

2016; Wong et al., 2021, 2015, 2013), our implementation of CDI involves 3 key differences: (i) instead of 

relying on images acquired at multiple gradient strengths, we rely mainly on the multiple diffusion 

directions, which are part of typical brain DTI acquisitions; (ii) given the small spatial scale of white-matter 
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structures, we opted to not use a spatial probability distribution function in order to avoid spatial blurring 

and partial-volume effects; (iii) to compress the large dynamic range of brain CDI values and normalize 

the data distribution, we used log(CDI) in this work. Through simulations and experimental data, we 

demonstrate that CDI’s sensitivity to disease processes is independent of these processing choices. Based 

on prior literature in prostate cancer (Wong et al., 2021, 2013), a higher log(CDI) can be loosely interpreted 

as reflecting a denser tissue structure with restricted diffusion. Interestingly, we find 2 dichotomous 

trends in log(CDI) of COVID patients: (i) in anterior white matter, patients exhibit lower log(CDI) than 

controls, suggesting less restricted diffusion in patients; (ii) in the cerebellum, patients exhibit higher 

log(CDI) than controls, suggesting more restricted diffusion in patients.  

Simulations 

In our simulations we assumed only single-shell diffusion data was available, and compared the 

sensitivities of DTI (MD, FA), DT-DOME (NA, MO) and CDI metrics through CNR. The simulated case 

covers a single-b-value scenario, with the number of diffusion directions (i.e. 34) identical to that of our 

MRI acquisitions. Disease conditions were assumed to range from reduced to enhanced diffusivity, 

relative to healthy tissue. Noise was added over a large range of SNRs, from 10 to 120, to cover a variety 

of image qualities. We demonstrated that in principle, CDI can be viewed as inversely proportional to 

MD, but that its sensitivity to disease is more than twice that of MD. Note that the disease effect is 

modeled as a difference in MD alone, so as expected, FA was less affected by the condition, whereas NA 

and MO do not exhibit contrast between healthy and disease, as they are not confounded by MD (unlike 

FA). Based on the simulated results, we hypothized that in cases where the pathology is defined by a 

change in diffusivity rather than anisotropy,  the in vivo performance of CDI would be superior to that of 

DTI and DT-DOME.  

Potential sources of less restricted diffusion 

Huang et al. acquired multi-shell diffusion MRI data with b values of 1000 and 2000 s/mm2, and showed 

that the NODDI parameter of intracellular water volume (Vic) alone demonstrated significant differences 

between patient and control groups. The reduced Vic in patients was interpreted as a reduction in 

axonal density following edema and axonal apoptosis (Huang et al., 2021). The affected areas include 

the superior longitudinal fasciculus, the genu of the corpus callosum and the bilateral corona radiata. 

The strong anterior emphasis of these effects may be traced back to the role of the olfactory bulb (OB) 

as the most likely entry point for SARS-CoV-2 in the brain (Serrano et al., 2022; Xydakis et al., 2021). The 
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OB has been shown to be the most likely brain region to contain SARS-CoV-2 and shows significant 

changes in gene expression in COVID-19 (Serrano et al., 2022). Moreover, studies examining the brain 

vasculature in deceased COVID-19 patients showed strong fibrinogen staining in the OB, indicating a 

leaky blood-brain barrier (BBB) at autopsy (Lee et al., 2022). Neurovascular studies demonstrated 

widespread BBB leakage and immune cell infiltration in the brains of COVID-19 patients (Lee et al., 

2022). BBB breakdown in COVID-19 is characterized by fibrinogen accumulation in perivascular space 

(Lee et al., 2022; Wenzel and Schwaninger, 2022). Fibrinogen has been demonstrated to contribute to 

neuronal loss in animal models (Ryu and McLarnon, 2009). Fibrinogen has also been shown to activate 

microglia, the brain’s resident immune cells, in patients with Alzheimer’s disease (McLarnon, 2021). The 

products of microglial activation include pro-inflammatory cytokines and reactive oxygen species which 

contribute to inflammation and neurodegeneration (Akiyama et al., 2000). Thus, abnormalities in 

diffusion observed in this work may be a consequence of neuroinflammatory effects.  

In our study the regions with significantly lower log(CDI) in patients align well with those 

identified by Huang et al. (Huang et al., 2021) (Fig. 8). As lower log(CDI) suggests less restricted diffusion, 

the interpretation also aligns with that of Huang et al. However, as shown in Fig. 4, multi-shell data is 

not necessary for uncovering this effect. In fact, the use of the b=700 s/mm2 shell alone yielded the most 

sensitive log(CDI) values. As the lowest b-value is sensitive to the fastest diffusion, and as CDI is boosted 

by restricted diffusion, this finding may indicate that the lower log(CDI) in patients is preferentially 

reflecting an enhancement of the fastest-moving water molecules, potentially reflecting enlargement of 

extracellular spaces (Huang et al., 2021) and/or leakage of the BBB. The literature indicates that the BBB 

is compromised early in the disease process, which also allows for viral effects to persist (Malerba et al., 

2021). Although the precise mechanism of vascular damage remains hypothetical, it has been suggested 

that immunoglobulin complexes, cytokines, autoantibodies, and the SARS-CoV-2 virus itself may activate 

the endothelium and induce BBB leakage (Wenzel and Schwaninger, 2022).  

 

Potential sources of more restricted diffusion 

For the first time, the current study reports diffusion abnormalities in the white matter of the 

cerebellum, where the higher log(CDI) values suggest more restricted diffusion. While this finding 

echoes findings by Lu et al. in anterior cerebral white matter (Lu et al., 2020a), it is opposite those of the 

anterior cerebral white matter found in the current study. Lu et al. reported generally reduced 

diffusivity, interpreted as the result of post-inflammatory debris accumulation (Lu et al., 2020a).  
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Several studies provide precedent for the impact of COVID-19 on the cerebellum. Notably, an 

MRI study from the UK Biobank discovered cerebellum volume loss in COVID patients (Douaud et al., 

2022). Several case reports of COVID patients found acute cerebellitis following infection with SARS-

CoV-2 (Fadakar et al., 2020; Moreno-Escobar et al., 2021). Furthermore, there is significant 

neuropathological evidence that COVID-19 enters the cerebellum, as several studies indicate that 

immune cell infiltration is most pronounced in the cerebellum (Colombo et al., 2021; Matschke et al., 

2020). Moreover, one study examining biochemistry in the brains of COVID-19 patients found that the 

cerebellum in COVID-19 patients exhibits leaky Ca2+ channels and activity consistent with intracellular 

calcium leakage, which were suggested to contribute to the disease process (Reiken et al., 2022).  

The BBB is compromised in the cerebellum of COVID-19 patients, as evidenced by fibrinogen 

infiltration in the perivascular space (Lee et al., 2022). Strong fibrinogen staining was evident in both the 

forebrain and cerebellum, however weak fibrinogen staining was only evident in the cerebellum (Lee et 

al., 2022). Furthermore, immune cell infiltration is most pronounced in the cerebellum (Colombo et al., 

2021; Matschke et al., 2020) which may be indicative of susceptible vasculature. These findings are 

taken from post-mortem studies in individuals who died days or weeks after infection, indicating that 

viral entry in the OB and BBB leakage occurs early in the disease process. Our finding that log(CDI) is 

greater in patients in the cerebellum at the initial visit may be explained by debris accumulation 

following immune cell infiltration (Lee et al., 2022).  

In our study we also uncovered previously unseen regions of significantly higher log(CDI) value 

in patients (Fig. 10), which suggests more restricted diffusion. As shown in Fig. 6, multi-shell data is not 

necessary for uncovering this effect, either. In fact, the use of the b=2100 s/mm2 shell alone yielded the 

greatest CDI sensitivity to this effect. As the highest b-value is sensitive to the slowest diffusion, and as 

CDI is boosted by restricted diffusion, this finding may indicate that the greater log(CDI) in patients is 

preferentially reflecting a restriction of the slowest-moving water molecules. Such molecules could be 

intra-cellular or myelinated water, and their restriction could reflect cytotoxic intra-cellular edema, 

which in turn can be caused by hypoxic insults in COVID-19 (van den Enden et al., 2020). As to why such 

effects are only seen in the cerebellum, this region consistently displays neuropathological abnormalities 

including immune cell infiltration which may be indicative of susceptible vasculature or increased viral 

entry (Matschke et al., 2020). Furthermore, while in the forebrain fibrinogen staining is localized around 

the damaged vessels, in the cerebellum fibrinogen staining is evident at greater distances from the 

vessels (Lee et al., 2022). Despite the OB being the most probable site of entry for COVID-19, 

pathological brain findings are consistently most prominent in the cerebellum. Immune cell infiltration, 
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widespread fibrinogen leakage, and debris accumulation may be responsible for the restricted diffusion 

identified in this investigation. 

 

Limitations 

This is the first instance of CDI technique being applied in neuroimaging, and we are cognizant of the 

uncertainties in our understanding of COVID-19. The fact that CDI was exceptionally sensitive to self-

isolated COVID-19 white-matter pathology is encouraging, but also raises questions: (1) How does CDI 

perform inthe grey matter? (2) How does it reflect neurodegenerative processes in other conditions, 

such as aging and Alzheimer’s disease? (3) Under what circumstances would CDI fail to show sensitivity 

to pathology? These questions will propel our future studies to further validate and characterize this 

novel technique.  

Another limitation of this investigation is that although DTI is sensitive to microstructure 

changes, it is not specific. For example, it is unclear whether, in the long term, restricted diffusion is an 

indicator of compensatory neurogenesis or persistent inflammation (Goldberg et al., 2021). To shed light 

on the interpretation of our findings, further research (potentially involving autopsy) is key. 

We are also constrained by the limited longitudinal follow-up. Although short term COVID brain 

effects appear to manifest principally in the cortex and cerebellum, long term effects are more 

widespread. One area of the brain that becomes affected in long COVID is the cingulate cortex, which 

exhibited hypometabolism in patients with brain fog several months after contracting COVID (Hugon et 

al., 2022). The literature also indicates that the globus pallidum and substantia nigra show restricted 

diffusion at follow-up (Abdo et al., 2021). It is possible the sample size of the longitudinal follow-up was 

insufficiently powered to detect the changes observed in the literature. However, our longitudinal 

evaluations are ongoing, and our future  work will involve a larger sample size, particularly in the initial 

visit vs follow-up analysis, to provide greater power to the analysis. 
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