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Abstract
SARS-CoV-2 is known to primarily cause mild to severe respiratory infections as well as chemosensory
disturbances such as anosmia. Furthermore, it has been associated with the occurrence of neurological
symptoms. In this study probable route of neuroinvasion by SARS-CoV-2 from the olfactory epithelium to
the central nervous system was suggested and an agent-based model has been developed using NetLogo
3D. A series of simulations were performed to analyze real-world infection patterns; based on these
simulations, it was observed that there is a direct correlation between the age of the patient and the day
of neuroinvasion onset.

Introduction
The novel coronavirus strain severe acute respiratory syndrome-coronavirus-2 (SARS-CoV-2) was �rst
discovered in Wuhan, China in early December 2019 [1, 2, 3]. One of the �rst and most common
symptoms exhibited by infected individuals is anosmia: a partial or total loss of smell [4]. Although
several theories have been proposed to explain the cause of anosmia, the most probable amongst them
is that an infection of sustentacular cells (support cells found in the olfactory epithelium) [4, 5].
Numerous patients infected with SARS-CoV-2 have also displayed neurological symptoms, implying an
invasion of the central nervous system (CNS) through the olfactory system [6]. The primary method by
which the virus passes to the CNS and then propagates through the CNS needs to be explored more. In
this study, a probable route by which SARS-CoV-2 travels from the olfactory epithelium to the brain was
suggested and onset of neuroinvasion by SARS-CoV-2 with an agent-based model developed and
simulated using NetLogo 3D. Simulations were run for two conditions- patient age greater than 60 years
and lesser than 60 years for viral loads 103, 104 and 105.

Methods
Key Concepts

SARS-CoV-2 particles infect an individual mainly through olfactory systems. Support cells in the olfactory
tissue, called sustentacular cells, have ACE2 receptors, which provide a gateway through which viral
particles can enter, hijack cellular machinery to produce more viral particles, lyse sustentacular cell and
infect more cells in the vicinity. Death of these sustentacular cells upends the machinery powering
olfactory sensory neurons (OSNs) [7]. Upon cell lysis, a certain number of viral particles enter into either
the blood or the lymph. Increase in the permeability of the blood-brain barrier (BBB) by upregulation of IL-
6 as well as enlargement of perivascular spaces (PVS) suggest that the SARS-CoV-2 virus might
disseminate through the CNS [8,9,6]. Frontal lobe, temporal lobe, cerebellum, corpus callosum and
thalamus is most liable to neural cell atrophy. 

Model Building
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The model was built using NetLogo 3D (version 6.2.0), which facilitates the three-dimensional
representation of the system of interest [10]. The system has been divided into three distinct regions: the
olfactory epithelium, circulatory system (the heart and the lungs), and the CNS), as seen in Figure 1. Steps
are showcased within the NetLogo universe as a series of colorful blocks of varying sizes and shapes.
Some blocks represent tissue, while others represent cells. Every effort to maintain a reasonable size ratio
has been expended. In the model, the virus passes through the mucus barrier, travels through the
olfactory epithelium and the circulatory system, moves past the blood-brain barrier to eventually reach the
brain. The infection of the sustentacular cells and the atrophy of the cerebral regions have been depicted
in order to represent the phenomena of anosmia as well as neuroinvasion by SARS-CoV-2.

Model Environment

The model was created on a rectangular coordinate system called the NetLogo world, and the x,y and z
coordinates were set to -40 to +40, -30 to +30, and -20 to +20, respectively. However, the patches and
frames were kept at their default settings of 13 pixels and 30 frames per second respectively. Each organ
within the world was constructed with a distinct color to differentiate between systems. Further, the cells,
represented as turtles were given different shapes to better visualize interactions and changes if any.

Model Assumptions and Rules

The model assumptions were �rst declared to design a plausible system and a corresponding model rule
to simulate the same. These assumptions and rules were:

●       The SARS-CoV-2 virus enters through the nose only. This assumption is to �t the model to the
hypothesis that the neuroinvasion of the virus follows anosmia. The virus’ �rst entry point is thus,
through the nasal cavity and into the olfactory epithelium after crossing the mucosal barrier.

●       The mucus and blood brain barriers do not pose a physical resistance to the movement of the
virus. The barriers’ effectivity and rate of clearance have not been established in the literature. The
barriers are depicted by patches as a visual barrier only.

●       The virus can infect only the sustentacular cells within the olfactory epithelium. Only the
sustentacular cells possess the necessary entry molecules. When the distance between the virus and the
sustentacular cells is less than 0.6, the virus attacks the sustentacular cells.

●       From Bar-On et al [11], the virus burst size is approximately 1000. The burst size is appropriately
scaled down during the simulation.

●       The virus moves along the hematogenous route. The most convenient path for the virus’ movement
to the central nervous system is through the bloodstream and not the olfactory bulb. This is because of
the lack of a gateway molecule in the olfactory sensory neuron, in particular, the ACE2 receptors and
primer protease TMPRSS2. The virus invades the lymphatic system from the sustentacular cells. The
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virus is then drained along with the lymph into the bloodstream. Through the bloodstream, it is then able
to enter the heart and circulates through the system till it �nally reaches the blood-brain barrier.

●       Cells of a certain type are uniform in shape and size and the role of cilia and microvilli can be
performed by the cell surface. The size of the cells varies and is therefore approximated to a uniform
value (see Table 1).

●       The immune system mounts a response 5 days after symptom onset. The approximate response
by the immune system occurs 5 days after symptom onset. After 100 ticks (20 ticks = 1 day), 0-2 viruses
are killed in each tick.

●       The rate of immune response is lower in individuals aged 60 years and above. The number of
viruses killed per tick is relatively lower.

 Model Timescales, Variables, and Scaling-down

The values for the sizes and the counts of the model variables were obtained through literature mining;
when speci�c data were not available, estimates based on present knowledge were utilized. As directly
implementing the sizes and counts can result in the consumption of a large amount of computational
time and resources, they were appropriately scaled down in the model environment so as to re�ect
realistic infection patterns. The sizes of the variables were scaled in terms of the relative ratios. For

example, 
virussize

sustentacularcellsize =
0.1
3 . For scaling the counts, three mathematical functions were applied:

● For variables in the olfactory epithelium: log(count) * 10

● For variables in the brain: log(count) * 5

● For SARS-CoV-2: x1/3

Table 1 lists the sizes and counts of the variables [12–19]. The simulations were performed by changing
the viral load using the slider and switching between different attributes (such as the age of the patient)
using the choosers on the NetLogo interface. The results were analyzed by tracking the count of the
sustentacular cells and brain atrophy via monitors on the interface, along with the number of ticks
completed.

Visualization

In order to visualize the data, the viral count at the end of every tick was reported as output from NetLogo
3D; this was then plotted against the corresponding tick value. The plots this generated would help to
generalize the trend of the virus’ count following infection over time. The plots were categorized
according to the age group and further divided based on the initial viral load, resulting in six scenarios.
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Table 1
Model Variables

Variable Size (µm) Count Scaled Down Count

SARS-CoV-2 0.1 105 copies/mL 10-50

Sustentacular cells 3 - 5 3.33 x 106 65

Olfactory sensory neurons 3 - 5 107 70

Frontal lobe neurons 3 - 5 6.56 x 109 49

Temporal lobe neurons 3 - 5 3.52 x 109 48

Cerebellum neurons 3 - 5 69 x 109 54

Corpus callosum neurons 3 - 5 - 46

Thalamus neurons 3 - 5 - 43

Results & Discussion
NetLogo 3D helps provide a 3-dimensional visualization of the dynamic system, making it simpler to
comprehend. The inclusion of time and spatial interactions to govern the model allows the accurate
simulation of real-life conditions. The relationship between the age of the patient and the day of
neuroinvasion onset was examined for three distinct values of viral loads. The simulations were run for
two conditions- patient age greater than 60 years and lesser than 60 years for viral loads 103, 104 and
105. For the viral loads of 103 (set to 10 on the NetLogo slider), 100 replicate simulations were run for the
two scenarios “less than 60 years of age” and “greater than 60 years of age”. The number of ticks at
which atrophy in the brain (neuroinvasion) occurred was noted for each replicate, and these values were
subsequently converted to the corresponding number of days. The mean number of days for each of the
two scenarios was calculated, and the two means were compared with a Welch Two Sample t-test with a
signi�cance level of 0.05. The procedure was repeated for the viral loads 104 (set to 22 on the NetLogo
slider) and 105 (set to 46 on the NetLogo slider). The p-values for the three viral loads 103,104, and 105

were 0.0004475, 0.04124, and 0.006138, respectively, indicating a statistically signi�cant relationship
between the patient age and day of neuroinvasion onset. This emphasizes the need for increased
measures in diagnosing and treating neurological conditions arising in COVID-19 patients, especially the
vulnerable population above 60 years of age.

Line graphs generated for the six conditions with varying viral load — 104, 105, 106, and age groups —
above and below 60 years of age, help further the preliminary analysis performed by the model. For
populations above the age of 60, the viral load peaks around tick 100, and continues to average at the
same virus count upto the beginning of neuroinvasion irrespective of the time elapsed. On the other hand,
for the population under 60, the virus count gradually declines over time after reaching the peak load upto
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the day of onset of neuroinvasion. The trends mentioned here are seen in all three viral load conditions
for both age groups. Interestingly, the virus count drops steadily after day 5 for individuals aged less than
60 years; however, the drop is relatively lower for individuals aged 60 years and above. This preliminary
analysis yields the result that viral load does not decrease as quickly in the older population when
compared to patients under 60. This supports the result of model simulations that the age of the patient
is signi�cant with respect to the day of onset of neuroinvasion.The complete results of the simulations
are listed in Supplementary Table 1. Figures 2 & 3 depict the relationship between the virus count and
time for all the three viral loads and two scenarios.

Conclusion
An agent-based model using NetLogo 3D was developed. Upon running simulations using the model, it
was determined that the patient’s age is signi�cant with respect to the date of onset of neurological
symptoms. The graphs generated for various conditions, built upon the simulation results by showing the
downward trend in virus count with time in the condition below 60 years of age, while there was no
drastic change of virus count with time seen in the condition above 60 years of age.

The model serves as a preliminary attempt to understand the relatively unexplored area of neuroinvasion
in COVID-19. Assumptions used to construct the model may not exhibit all the characteristics and
elements of a complex biological system. The model includes only those cells and organs directly
interacting with the virus to simplify the system. The data necessary to improve the given model include
research into the interaction between the lymphatic system and the virus, high-quality brain MRIs from
patients to validate the model, and an exhaustive insight into the different modes of progression of
SARS-CoV-2 inside the brain. As the availability of COVID-19 -related data increases, this model can be
expanded accordingly to include more variables and simulations in the future. Therefore, this information
can guide experimental research, treatment options, and hypothesis testing by researchers and clinical
practitioners.
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Figures

Figure 1

NetLogo World: Model legend, including the modes of representation of the agents and barriers (SARS-
CoV-2: small white spheres; sustentacular cells: light yellow spheres; olfactory sensory neurons: cyan
spheres; frontal lobe neurons: blue spheres; temporal lobe neurons: yellow cones; cerebellum neurons:
magenta targets)
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Figure 2

Plot of virus count versus the number of ticks for patients less than 60 years old. a) Initial viral load =
223. b) Initial viral load = 463. c) Initial viral load = 103.
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Figure 3

Plot of virus count versus the number of ticks for patients greater than 60 years old. a) Initial viral load =
223. b) Initial viral load = 463. c) Initial viral load = 103.
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