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A B S T R A C T   

The ubiquitous presence of microplastics in the food web has been established. However, the mass of micro
plastics exposure to humans is not defined, impeding the human health risk assessment. Our objectives were to 
extract the data from the available evidence on the number and mass of microplastics from various sources, to 
determine the uncertainties in the existing data, to set future research directions, and derive a global average rate 
of microplastic ingestion to assist in the development of human health risk assessments and effective manage
ment and policy options. To enable the comparison of microplastics exposure across a range of sources, data 
extraction and standardization was coupled with the adoption of conservative assumptions. Following the 
analysis of data from fifty-nine publications, an average mass for individual microplastics in the 0–1 mm size 
range was calculated. Subsequently, we estimated that globally on average, humans may ingest 0.1–5 g of 
microplastics weekly through various exposure pathways. This was the first attempt to transform microplastic 
counts into a mass value relevant to human toxicology. The determination of an ingestion rate is fundamental to 
assess the human health risks of microplastic ingestion. These findings will contribute to future human health 
risk assessment frameworks.   

1. Introduction 

Plastic pollution is an environmental concern garnering increasing 
attention globally. All life on earth, from ecosystems to people, are 
increasingly being exposed to plastic waste without knowledge of their 
full effects (WorldEconomicForum & EllenMacArthurFoundation, 
2017). Plastics are highly resistant to degradation, and therefore are 
mass-produced as a versatile, cost-effective and durable material. 
Microplastics (MPs) are plastic particles less than 5 mm that can be 
intentionally manufactured (primary microplastics) or generated from 
larger plastics (secondary microplastics), and are introduced to the 
environment through various anthropogenic activities and natural 

pathways, contaminating ecosystems and entire food webs (Rochman, 
2018). Microplastics have been identified in atmospheric, aquatic and 
terrestrial environments, as well as drinking water and food products for 
human consumption, thus potentially leading to adverse health effects 
upon ingestion and/or inhalation (Barcelo, 2019; Carbery et al., 2018; 
Barboza et al., 2018; Proshad et al., 2018; Smith et al., 2018; Allen et al., 
2019) (Fig. 1). Concerns on the occurrence, distribution and toxicology 
of microplastics are now a focus of worldwide public attention 
(GESAMP, 2016; WHO, 2019a). 

The persistent nature and mismanagement of plastic waste facilitate 
the accumulation of microplastics in the environment, the leaching of 
hazardous additives, and the adsorption and migration of environmental 
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polypropylene; PS, polystyrene; PSD, particle size distribution; PVC, polyvinyl chloride. 

* Corresponding author. 
E-mail address: Thava.Palanisami@newcastle.edu.au (T. Palanisami).  

Contents lists available at ScienceDirect 

Journal of Hazardous Materials 

journal homepage: www.elsevier.com/locate/jhazmat 

https://doi.org/10.1016/j.jhazmat.2020.124004 
Received 29 July 2020; Received in revised form 11 September 2020; Accepted 14 September 2020   

mailto:Thava.Palanisami@newcastle.edu.au
www.sciencedirect.com/science/journal/03043894
https://www.elsevier.com/locate/jhazmat
https://doi.org/10.1016/j.jhazmat.2020.124004
https://doi.org/10.1016/j.jhazmat.2020.124004
https://doi.org/10.1016/j.jhazmat.2020.124004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhazmat.2020.124004&domain=pdf


Journal of Hazardous Materials 404 (2021) 124004

2

pollutants (Revel et al., 2018). Microplastics are often referred to as a 
’cocktail of contaminants’ due to their association with additives, heavy 
metals, pharmaceuticals, pesticides and various other persistent organic 
pollutants present in the environment (Xu et al., 2020; Fred-Ahmadu 
et al., 2020; Carbery et al., 2020). Such contaminants have been 
linked to several human illnesses and diseases including obesity, dia
betes, cancer, endocrine disturbance, developmental, cardiovascular 
and reproductive problems, suggesting that the uptake of microplastics 
may pose a significant risk to human health (Mishra et al., 2019; Alharbi 
et al., 2018; Volschenk et al., 2019; Pal and Maiti, 2019; Ribeiro et al., 
2019). 

Microplastics may directly or indirectly impact human health by 
acting as physical stressors or vectors of environmental contaminants 
(Hartmann et al., 2017) and may enter the human digestive, respiratory 
and circulatory systems, acting as both physical and chemical stressors 
to the human system (Barboza et al., 2018; Hartmann et al., 2018). The 
concepts of bioaccessibility and bioavailability are fundamentally 
crucial for quantifying the risks that are associated with exposure to 
environmental contaminants. Briefly, bioaccessibility and bioavail
ability describe the potential to interact with an organism and the 
fraction of the dose (obtained via ingestion, inhalation or dermal path
ways) that reaches the systemic circulation and is therefore available for 
absorption (Semple et al., 2004). Numerous in vitro studies have iden
tified human health risks when exposed to plastic additives, including 
phthalates, organochlorines, PCBs, PBDEs, and toxic metals; and it was 
found that the toxicity of the microplastics’ associated contaminants is 
primarily dependent on the dose and other factors including polymer 
type, particle size, surface chemistry and hydrophobicity (Fred-Ahmadu 
et al., 2020; Schirinzi et al., 2017; Lu et al., 2019). Thus it is pivotal to 

evaluate the amount of microplastics introduced to the human system 
and its potential impacts (Wright and Kelly, 2018). 

Despite the breadth of scientific literature currently available on 
microplastics (Fig. 2), uniform methods for collection, characterization 
and analysis have not been employed. The lack of agreement on stan
dardized approaches amongst the scientific community has resulted in 
an acute shortage of readily comparable data (Koelmans et al., 2019). 
Not surprisingly, the findings from different studies have not been 
synthesized and put into a quantifiable risk context, leaving many 
questions unanswered. How much plastic are humans potentially 
ingesting? What are the likely ramifications? To date, limited studies 
have been undertaken to address these fundamental questions of human 
health. 

Research has largely focused on the marine environment and or
ganisms to determine the prevalence of microplastics. This has incon
spicuously resulted in a lack of detailed data, owing to the challenges 
associated with fieldwork and technological constraints. Recent studies 
have attempted to refine protocols that minimize background contam
ination, while improved analytical methodologies and instrumentation 
have improved the overall efficiency and limits of detection to enhance 
information relating to size, shape and polymer type (Rochman, 2020; 
Maes et al., 2017; Raju et al., 2020; S. Zhang et al., 2019; Zhu et al., 
2019). Furthermore, microplastic research has expanded to investigate 
particles in the atmosphere (Allen et al., 2019; Bergmann et al., 2019; 
Dris et al., 2017; Rezaei et al., 2019), plants and soil (Rillig et al., 2019; 
Brandon et al., 2019; Boots et al., 2019), food items (Oßmann et al., 
2018a; Cox et al., 2019; Hernandez et al., 2019; Kim et al., 2018; Kosuth 
et al., 2018; Kutralam-Muniasamy et al., 2020; Pivokonsky et al., 2018; 
Shruti et al., 2020a, 2020b) and stools (Schwabl et al., 2019; J. Zhang 

Fig. 1. Drivers for this study.  
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et al., 2019). 
Through a systematic review and analysis of the published literature, 

our study aims to provide a snapshot of the global average rate of 
microplastic uptake by humans via various exposure pathways. This 
study is the first attempt to simultaneously estimate the numbers and 
mass of microplastics ingested, thereby setting a foundation for use in 
future human toxicological studies. Our key objectives were to:  

(i) analyze the available literature to extract data on the number and 
mass of microplastics present in various sources;  

(ii) translate the number of microplastics into a corresponding mass;  
(iii) assess the uncertainties in the existing data and set future 

research directions; and  
(iv) derive a global average rate of microplastic ingestion (GARMI) to 

assist in the development of human health risk assessments and 
effective management and policy options. 

2. Methods 

We searched the scientific literature using key search terms to obtain 
relevant publications. Publications included in the analysis met the in
clusion criteria and contained quantitative data of the number and/or 
mass of microplastics detected in various samples (S1.1). Of the ninety- 
three publications identified, thirty-four were excluded for failing to 
meet set quality criteria, and fifty-nine were utilized in the analysis 
(Fig. 3). We extracted relevant data and categorized it into (i) Con
sumables, which consisted of microplastics in commonly consumed food 
and beverage products; (ii) Aquatic, which included microplastics 

reported in surface waters and sediments of marine and freshwater en
vironments; (iii) Atmospheric, which consisted of microplastics reported 
in air and dust samples. 

A comprehensive excel database was created using essential meta
data where available; details included study location, sources, size, 
sampling and analysis techniques, particle size distribution (PSD) etc. 
Due to the extensive range of methods employed, as well as the het
erogeneity in reporting units among the studies, we had to normalize the 
data (Sections 2.1.1 and 2.1.2). To minimize the risk of over-estimation 
or risking incredulity from decision-makers and other stakeholders, we 
adopted a series of conservative assumptions (Table 1). 

2.1. Calculation of ingestion rates 

To estimate the GARMI, we extrapolated the data to infill and 
populate missing data to determine the total number of microplastics 
(particles) and the total mass (g) to allow for the calculation of ingestion 
rates (g/week/person) based on the estimated mass of the individual 
microplastic particle (g/particle). The GARMI can be represented by the 
following formula: 

GARMI = Average Number of Microplastics Ingested (ANMP)

× Average Mass of Individual Particle (AMIMP) (1) 

To elucidate, firstly, we constructed an experimental dataset for the 
number of microplastics present in various sample matrices. Secondly, we 
constructed an experimental dataset for the mass of microplastics (g) to 
allow for the derivation of the mass of an individual microplastic particle 

Fig. 2. Number of scientific publications focussing on microplastics in the last 20 years.  

Fig. 3. Breakdown of publications considered for this research.  
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Table 1 
Conservative assumptions to assist with enabling estimations of the global 
average numbers and mass of microplastics ingested.  

Assumptions Reference (s) Comments 

Surface area of global 
oceans (marine) is 
3.62 × 1014 m2, and the 
total freshwater area 
globally is 3% of the 
total water area, which 
equates to 1.08 × 1013 

m2 

(Everaert et al., 2018), ( 
Atlas, 2016)  

Number of MPs decreases 
exponentially in the 
water column to be 
negligible at 5 m depth 

(Everaert et al., 2018; 
Reisser et al., 2015) 

There is now anecdotal 
evidence that there are an 
abundance of MPs in the 
water column to a depth 
much greater than 5 m ( 
Kane and Clare, 2019; 
Jâms et al., 2020). 

Volume of the ocean with 
significant numbers of 
microplastic particles is 
1.81 × 1015 m3; and the 
volume of freshwater 
bodies would equate to 
around 5.42 × 1013 m3. 

(Everaert et al., 2018) This is a very 
conservative estimate as 
most of the data from the 
literature were obtained 
from sampling using 
neuston nets with an 
average depth of 2 m. We 
divide the number of 
particles found in the top 
2 m (a smaller volume) 
by the volume in 5 m (a 
larger volume) to obtain a 
more conservative 
estimate of the number of 
particles in the aquatic 
environment. 

Total length of global 
coastlines is 1.63 × 1012 

m, and it is assumed only 
50% of the total 
coastlines are littered 
with MPs. 

(Everaert et al., 2018) Plastic pollution knows 
no boundaries, and it is 
therefore not 
inconceivable that >50% 
of the coastlines around 
the world are 
contaminated with MPs. 

Beach deposition zone 
width of MPs to be 50 m, 
thereby suggesting that 
the area of coasts littered 
with MPs to be 
4.075 × 1013 m2 

(Everaert et al., 2018) Assuming only 50% of the 
total coastlines are 
littered with MPs 

Microplastics are only 
found down to 0.4 m in 
coastal beach sediments 

(Everaert et al., 2018) It should be noted that 
there is evidence that 
microplastics have been 
found in sediments to a 
depth greater than 0.4 m 
(Duncan et al., 2018). 

Volume of coastal beach 
sediment containing MPs 
would be around 
1.63 × 1013 m3  

Assuming only 50% of the 
total coastlines are 
littered with MPs 

The average density of MP 
particles in the aquatic 
environment is assumed 
to be 0.98 g/cm3 

(Everaert et al., 2018), ( 
Gajst et al., 2016), ( 
Isobe et al., 2015), ( 
Poulain et al., 2018) 

The literature indicated 
that most of the 
microplastic particles in 
the aquatic environment 
were polyethylene (PE) 
or polypropylene (PP) 
polymers 

Assumed that the mass of 
the estimated ingestion 
rate to be a function of 
the polymer type, 
number of particles, size 
of the particles, the 
shape of the particle and 
PSD.  

Due to the limitations of 
the data, it was not 
possible to include all 
factors such as 
demographics, 
geographical variations 
etc. 

The average density of MP 
particles in drinking 
water and beer is 1.4 g/ 
cm3. 

(Mintenig et al., 2019), ( 
Pivokonsky et al., 2018), 
(Schymanski et al., 
2018) 

Polyethylene 
terephthalate (PET) and 
polyamide (PA) make up  

Table 1 (continued ) 

Assumptions Reference (s) Comments 

most of the microplastics 
in drinking water 

Each person drinks 5.94 L 
(5.94 kg) of beer per 
year in Germany and 
4.1 L (4.1 kg) of beer per 
year in USA. 

(WHO, 2019b) In general, beer weighs 
more than water, 
however, in order to 
obtain a conservative 
estimate, we assume that 
the weight of beer is 
equal to the weight of 
water (1 L = 1 kg) 

Each person drinks a 
minimum of 0.45 L and a 
maximum of 1.2 L of tap 
water per day. 

(MacGill, 2018) The figures assumed are 
well below the World 
Health Organisation’s 
guidelines of 3–4 L/ 
person/day (WHO, 
2005). 

Each person drinks 53.2 L 
of bottled water each 
year globally. 

(Corp, 2018), (Statista, 
2017)  

Drinking water is a 
combination of tap water 
and bottled water, and 
that globally, each 
person drinks an average 
of 219 L/year (0.6 L/ 
day) of drinking water.  

The assumed are well 
below the World Health 
Organisation’s guidelines 
of 3–4 L/ person/day ( 
WHO, 2005). 

Each person consumes a 
minimum of 2.4 kg, and 
a maximum of 4.8 kg of 
molluscs each year. It 
was also assumed that 
43–70 shellfish make up 
1 kg of shellfish 
(including the shells). 
Each mussel is assumed 
to weigh around 17.7 g 
(with shell) and have 
4.42 g of meat. 

(Van Cauwenberghe and 
Janssen, 2014), ( 
Kaufield, 2015) 

Based on the 2015 Per 
Capita consumption 
report by the National 
Oceanic and Atmospheric 
Administration, it is 
reported that on average, 
each person consumes 
globally 19.4 kg of fish, 
crustaceans and molluscs 
per year. Geographic 
variability of the amounts 
consumed available in 
Table S1 

The lower limit of 
0.5475 kg/person/year 
and the upper limit of 
0.8395 kg/person/year 
as recommended by the 
US Food and Drug 
Administration 2018 to 
be the global minimum 
and maximum 
respectively of salt 
consumed per year by 
each person 

(FDA, U. F. a. D. A., 
2018) 

This is significantly lower 
than the World Health 
Organisation’s reported 
consumption that most 
people consume on 
average 3.25–4.38 kg/ 
person/year or 
recommended intake of 
no more than 1.825 kg/ 
person/year) (WHO, 
2016) 

Assumed MP particles 
>1 mm could be omitted 
from the estimation. The 
omission is also based on 
the notion that smaller 
sized microplastic 
particles are more likely 
to present greater 
toxicological risks for 
humans (EFSA, 2016). 

(EFSA, 2016) Particles > 1 mm in 
cooked food may be 
ingested. The data 
available is not 
conclusive to confirm it is 
not ingested, but it is 
unlikely to occur on a 
frequent basis. 

Calculations of the mass of 
microplastics ingested 
(kg) were carried out 
based on the assumption 
that all microplastic 
particles ingested were 
of uniform shape and 
size less than 1 mm   

When considering PSDs, 
the microplastic 
particles were assumed 
to be spherical particles, 
or cubes 

(Eerkes-Medrano et al., 
2019)   
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(g/particle) based on (i) uniform distribution using the reported mass of 
microplastics in aquatic environments and (ii) PSD, using a volume 
density approach. Finally, we applied the information generated in the 
frequency and mass datasets to three scenarios (Section 2.1.3) to 
determine preliminary estimates of the GARMI (g/year/person) (Fig. 4). 

2.1.1. Average number of microplastic particles 

2.1.1.1. Aquatic 
To construct a dataset of the number of particles for a minimum 

(Min) and maximum (Max) range, we standardized the units of reported 
microplastic particles to number of microplastic particles. Publications 
that reported the number of particles present in the water column as 
number of particles were used as reported. Data reported as particles/m2 

were multiplied by the surface area of the ocean (3.62 × 1014 m2) for 
marine samples (Everaert et al., 2018), or 3% of this value (1.08 × 1013 

m2) representing the surface area of freshwater bodies (Atlas, 2016) for 
freshwater samples. Data reported as particles/m3 were multiplied by 
the volume in which microplastics are generally found in marine 
(1.81 × 1015 m3) and freshwater (5.42 × 1013 m3) environments 
(Everaert et al., 2018; Reisser et al., 2015). 

The data reported as particles/kg were multiplied by the average 
density of 0.98 g/cm3, based on PE and PP being the most commonly 
reported microplastic polymers in aquatic environments (Everaert et al., 
2018; Gajst et al., 2016; Isobe et al., 2015; Poulain et al., 2018), then 
multiplied by the volume of microplastics in the ocean for marine 
samples or volume of microplastics in the freshwater environment for 
freshwater samples. For data reporting the number of particles in deep- 
sea sediments as particles/kg, the values were multiplied by the density 
of 0.98 g/cm3 (Everaert et al., 2018; Gajst et al., 2016; Isobe et al., 2015; 
Poulain et al., 2018) multiplied by the surface area of the ocean and a 
depth of 0.4 m (Everaert et al., 2018). For sediments from coastal 

beaches, the data reported as particles/m2 were multiplied by the 
assumed deposition zone of 50 m (Everaert et al., 2018), multiplied by 
the assumed contaminated length (50% of total global length of coast
lines, equaling 8.15 × 1011 m). 

2.1.1.2. Consumables 
A total of thirty-nine publications contained data relating to the 

number of particles potentially ingested through the consumption of 
water, shellfish, fish, salt, beer, honey and sugar (Table S2). The amount 
of microplastic particles found in salt, honey and sugar were reported as 
the number of particles per weight of the consumable (particles per g or 
kg). Microplastics in beer and water were reported as the number of 
particles per volume (particles per mL or L). For microplastics reported 
as the number of particles per gram wet weight (e.g. shellfish), we 
multiplied the data with the assumed annual weight consumed for the 
corresponding food group (Table 1). For data reported as particles per 
organism, the value was multiplied by the assumed number of organisms 
consumed per person per year (Table 1). By this process, we standard
ized all data to provide an estimated Min and Max number of particles 
ingested per person per year which afforded the ANMPingested input 
values for Eq. (1) (Table 2). 

2.1.1.3. Atmospheric 
The twenty-one atmospheric papers identified were divided into 

indoor (6 publications), and outdoor (15 publications) environments 
(Table S3 and Table S4). Although outdoor environments have fewer 
microplastic particles than indoor environments (Dris et al., 2017), there 
were fewer minimum data points reported for the indoor compared with 
outdoor studies. Furthermore, data was obtained from factories and 
industrial settings, indicating that it would not be truly representative of 
the global atmospheric environment. Due to these uncertainties, the 
disparity of inhalation volume due to an individual’s lung capacity and 

Literature search 
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par�cles
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Calculate mass 
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Fig. 4. A simplified overview of the methodology used in this study.  
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breathing rate, and indicators of greater exposure through ingestion 
(Lehner et al., 2019), atmospheric microplastics were omitted from the 
calculations of the GARMI. 

2.1.2. Average mass of individual microplastic particle 

A representative AMIMP needed to be derived to calculate the 
GARMI (Eq. (1)). We investigated two approaches to determine the 
average microplastic particle mass. 

2.1.2.1. Estimation of AMIMP using uniform distribution Aquatic 
To construct Min and Max datasets of total mass, data from the 

publications that reported the mass of microplastic particles as weight 
were used as a mass (kg). We multiplied data reported as kg/km2 by the 
surface area of oceans for marine samples or by the surface area of 
freshwater bodies for freshwater samples, to estimate the global mass of 
microplastics present in the respective environments. Due to the 
complexity and geospatial variability in the population figures, data 
reported as kg/capita was not utilized in this project. 

From six publications, a total of 33 data points with paired ’Min 
particle mass’ and ’Min number of particles’ were rendered (Table S5). A 
further 10 data points with pairings of ’Max particle mass’ and ’Max 
number of particles’ were available from seven publications (Table S6). 
Data points with particle sizes >5 mm and outliers were removed. 
Particles in the upper size range of 1–5 mm were omitted from the 
calculation as the likelihood of ingesting particles >1 mm frequently 
would be low. The omission is also based on the notion that smaller sized 
microplastic particles are more likely to present greater toxicological 
risks to humans, having higher potential contaminant loads, and greater 
ability to translocate and be biodistributed (EFSA, 2016). 

The estimated mean minimum and maximum weights of individual 
microplastic particles in the aquatic environment when sorted by (i) the 
minimum particle size sampled and (ii) the maximum particle size 
sampled varied (Table 3). The data was sorted by particle sizes sampled 
and split into two categories, particles ranging from 0–1 mm and 
1–5 mm. The mean of the Min and Max for each category was then 

calculated to obtain an estimate of the AMIMPaquatic. 

2.1.2.2. Consumable 

It was not feasible to estimate AMIMPs using the above method for 
the consumables due to the limited data relating to the mass of micro
plastics in consumables ingested. This method only provided an 
AMIMPaquatic from existing data on microplastics in aquatic environ
ments, and a second approach was investigated to determine the 
AMIMPconsumable. 

2.1.2.3. Estimation of AMIMP using Particle Size Distribution 
This method was based on the incorporation of a PSD using funda

mental principles of volume and density. We undertook this investiga
tion to assess the impact of particle size on the AMIMPaquatic calculated 
to verify the application of this method to the consumables data. 

2.1.2.4. Aquatic 

Resorting to fundamental principles, using volume and density, we 
examined the impact of particle length (diameter) weighting compared 
to volume weighting on the AMIMP. As limited information on PSDs was 
available from the literature, for this estimation, we utilized the distri
bution from Cai et al., 2018 (Figure S1), assumed that all the particles 
were spherical, with an average density of 0.98 g/cm3. The average sizes 
of the particles were determined using the size of particle diameter and 
particle volume. Particle length weights were based on the frequency of 
particles reported in each size range and the particle diameter was 
estimated using the midpoint of each size interval. For volume weight
ing, the product of particle frequency and volume were used to calculate 
a volume-weighted mean. 

2.1.2.5. Consumable 

Given the lack of consumables data, the approach using volume and 
density of particles was applied to the four categories of consumables 
with most data (drinking water, salt, beer and shellfish) to estimate the 
GARMI. Where available, PSDs were used to determine a mean particle 
volume (Table S7) and from those appropriate densities (Table 1) were 
used to convert to the mean particle mass. The distributions were re
ported in histogram form where the index i represented each size range 
and percentage of particles in that size range. The percentages divided 
by 100 for each size range formed the first set weights, wi. The mid-point 
of each size interval was used to represent the particle diameter Di. 
Where the last interval was reported as greater than the size range of the 
next smallest, then the width of the previous interval was added to the 
last interval and the mid-point for the last interval estimated from that 
range. A volume, vi, was then calculated for a particle with the size of the 
mid-point in each class. The particle shape, either reported or assumed 
as appropriate, were the basis for the volume formulae used from which 
the volumes for each size class vi were calculated. The most common 
assumption was that particles were spherical, or cubes (Eerkes-Medrano 
et al., 2019) and therefore both these shapes were investigated. 

The volume contribution for each size class was calculated using 

Vi = wivi (2)  

The volume-weighted mean particle size was calculated by 

Vm = ΣDiVi/ΣVi, (3)  

the weights being a combination of the proportion of particles in the size 
class and the volume associated with particles of that size. Then the 
volume V(sphere or cube) of the weighted mean particle size was calculated 
using a volume formula appropriate to the particle shape, that is 

Table 2 
Estimated average number of microplastic particles ingested (ANMPingested) per 
person per year.  

Source of particles The estimated average number of particles/ 
person/year 

Sample size 

Minimum Maximum n 

Shellfish  2602  16,288  24 
Fish  339  3005  6 
Salt  41  1088  13 
Honey  57  107  2 
Sugar  0.1  8211  1 
Beer  177  869  6 
Tap water  16,265  68,331  12 
Bottled water  346  292,251  10 
Drinking watera  9029  174,959  22  

a Drinking water includes both tap water and bottled water to provide a global 
representation of water ingested. 

Table 3 
Average mass of individual microplastic particle in aquatic environment 
(AMIMPaquatic) divided into 2 sizes ranges.  

Particle size range 
(mm) 

Min (g/ 
particle) 

Max (g/ 
particle) 

Mean (g/particle) x 
10− 3 

(i) Sorting by minimum particle sizes 
0–1 2.10 × 10− 03 3.50 × 10− 03 2.80 ± 3.54 (n = 20) 
1–5 1.12 × 10− 02 1.15 × 10− 02 11.4 ± 10.6 (n = 8) 

(ii) Sorting by maximum particle sizes 
0–1 7.99 × 10− 03 9.33 × 10− 7 3.99 ± 9.10 (n = 15) 
1–5 2.75 × 10− 03 5.45 × 10− 03 5.12 ± 4.56 (n = 13)  
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Vsphere =
4
3
π(Vm/2)3 (4)  

and 

Vcube = V3
m (5)  

Finally, the volume was converted to a mass using the appropriate 
plastic density using 

AMIMP(sphere or cube) = V(sphere or cube)xρ (6) 

Using the publications with PSDs for the specific categories of con
sumables ingested, the AMIMPconsumable assuming all particles were 
spheres AMIMPconsumable(sphere) or cubes AMIMPconsumable(cube) were 
calculated (Table 4). 

2.1.3. Estimating global average rate of microplastics ingested (GARMI) 

In light of the three average microplastic particle masses estimated 
(AMIMPaquatic, AMIMPconsumable(sphere) and AMIMPconsumable(cube)), three 
scenarios were investigated to estimate the GARMI expressed by Eq. (1). 

Scenario 1. Uniform distribution – assuming MPs were average 
aquatic particle. 

GARMI = ANMPingestedxAMIMPaquatic. 

Scenario 2. Particle size distributions – assuming MPs were average 
spherical particles. 

GARMI = ANMPingestedxAMIMPconsumable(sphere). 

Scenario 3. Particle size distributions – assuming MPs were average 
cuboid particles. 

GARMI = ANMPingestedxAMIMPconsumable(cube). 

2.2. Uncertainty assessment 

Due to the accuracy of assumptions and estimates used to derive the 
ANMP and AMIMP, a simulation approach was used to determine the 
level of uncertainty in the estimates. A coefficient of variation of 0.5 was 
adopted to introduce uncertainty in the estimates, meaning that the 
minimum number of particles was decreased by 50% and the maximum 
number of particles was increased by 50%. Consequently, the upper and 
lower limits of the particle mass estimates were also allowed greater 
variability that were 50% smaller and larger respectively. The GARMI 
was then calculated as ANMP multiplied by the AMIMP for each of the 
100,000 simulations of randomly drawn values from the Uniform dis
tributions. Monte Carlo simulations were carried out using the statistical 
package R (Team, R.C., 2017). The 95% confidence intervals for the true 
masses were obtained for each of the 5 distributions using the 2.5% and 
97.5% percentiles of the simulated distributions, as well as the median 
and means. This analysis was conducted for the three scenarios. 

3. Results 

3.1. Calculation of ingestion rates 

The predictor variables for the ingestion rate were identified to be 
the number of particles (concentration), size, shape, polymer type, PSD, 
physical characteristics of individuals, as well as surrounding environ
ment, geographical location, demographics and diet. The study noted 
that the mass of microplastics ingested was a function of the number of 
particles, size, shape, polymer type and particle size distribution. The 
imprecision related to the methods utilized to convert the number of 
microplastic particles into a mass of microplastic particles explicates the 
ranges of the weekly ingestion rates seen in Table 5. 

3.1.1. Number of microplastic particles ingested 

Globally, the ANMP humans potentially ingest ranges between 
11,845 to 193,200 MPs per person per year with the largest source being 
drinking water (Table 2). Given the small sample sizes for honey and 
sugar, the data was not included in the estimation of GARMI. Fish data 
was also excluded due to uncertainties associated with the amounts of 
microplastics removed during food preparation (e.g. removal of the gut, 
which is not ordinarily consumed). Only the four categories of con
sumables with sufficient data (shellfish, salt, water and beer) were uti
lized to estimate the GARMI. 

3.1.2. Average mass of individual microplastic particle 

3.1.2.1. AMIMPaquatic - Uniform Distribution 
Based on the analysis (Table 3), the mean 2.80 × 10− 06 

± 3.54 × 10− 03 g/particle (AMIMPaquatic), for the maximum and mini
mum data sorted by minimum particle size sampled in the range of 
0–1 mm, was adopted for use in Scenario 1 to represent the average 
particle mass for each microplastic particle ingested. 

3.1.2.2. AMIMPaquatic – Particle Size Distribution 
The resulting weighted mean particle diameter for the Cai, 2018 

distribution was 147 µm using the frequency weight, and equated to a 
particle mass of 1.64 × 10− 06 g/particle. The weighted mean particle 
diameter of 494 µm was obtained using the volume weighting factor and 
equated to a particle mass of 6.19 × 10− 05 g/particle. The volume 
weighted mean particle size appeared to be more suitable in this study, 
given the assumption that the microplastic particle size ranges from 0 -1 
mm, and representative of the total mass for samples in the aquatic 
environment. Given the focus on microplastics particle size ranging from 
0 - 1 mm, the volume weighted mean particle size appeared to be a 
suitable approach to represent the total mass for samples in the aquatic 
environment. Assumptions to determine a mean particle size to repre
sent the mass of total particles were made based on Cai et al., (2018) 
where the range of the data was 0–750 µm, and the volume-weighted 
average particle size (494 µm) was about 2/3 of the maximum value. 

Table 4 
Average mass of individual microplastic particle utilizing the PSDs for each category of consumable assuming all microplastics either spheres or cubes (AMIMPcon

sumable(sphere or cube)).  

Source of particles Sample size Average volume weighted Average density Average mass of individual microplastic particle(sphere/cube)  

n Assume sphere cm3 Assume cube cm3 g/cm3 Assume sphere g Assume cube g 

Shellfish  2 7.1 × 10− 09 1.4 × 10− 08  0.98 6.9 × 10− 09 1.3 × 10− 08 

Salt  4 1.3 × 10− 02 2.6 × 10− 02  0.98 1.3 × 10− 02 2.5 × 10− 02 

Beer  2 4.8 × 10− 04 6.6 × 10− 04  1.4 4.8 × 10− 04 9.2 × 10− 04 

Drinking water  13 3.1 × 10− 07 5.8 × 10− 07  1.4 4.3 × 10− 07 8.2 × 10− 07  
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It was thus assumed that all microplastic PSDs are right-skewed, (with a 
similar shape to Figure S1), and the simple approach of using the mid- 
point of the range of sizes reported was adopted to represent the 
volume-weighted mean particle size. 

The mean minimum particle weight was assumed to be the volume of 
the average 0–1 mm multiplied by the average density of 0.98 g/cm3 

(Everaert et al., 2018; Gajst et al., 2016; Isobe et al., 2015; Poulain et al., 
2018) which resulted with a mass of 6.41 × 10− 05 g/particle. The mean 
particle weight for 1–5 mm was based on the volume of the average 
1–5 mm multiplied by the average density of 0.98 g/cm3 (Everaert et al., 
2018; Gajst et al., 2016; Isobe et al., 2015; Poulain et al., 2018) which 
resulted with a mass of 1.39 × 10− 02 g/particle. These were comparable 
to the mass estimated using the data from the aquatic environment 
(Table 3) and validated the estimate, thereby indicating that the 
approach of using volume and density was plausible to determine the 
mass, and was thus adopted. 

3.1.2.3. AMIMPconsumable – Particle Size Distribution 
Using the limited publications with PSDs for the specific categories of 

consumables ingested, the estimated AMIMP derived by firstly assuming 
all particles in the consumables to be spheres, and secondly all particles 
to be cubes (Table 4). It followed that the AMIMP calculated varied 
based on the assumed shape of the microplastic particle. Due to finer 
particle size, AMIMPcomsumable for drinking water and shellfish were 
found to be lower than beer and salt. For drinking water, the AMIMP
consumable were 4.3 × 10− 7 g and 8.2 × 10− 7 g for spherical and cubed 
particles respectively. In the case of shellfish, the AMIMP were 
6.9 × 10− 9 g for spherical and 1.3 × 10− 8 g for cubed particles. 

3.1.3. Estimating GARMI 

Three scenarios were analyzed to provide estimations of the GARMI 
(0–1 mm) ranging between 287.0 g and 7.7 g per person per year 
(Table 6). Details relating to the calculations of the GARMI are presented 
in Table 5. It should be noted that the limited datasets of microplastic 
PSDs in the consumables contributes to the uncertainty factor of the 
estimates from this technically more accurate method. 

3.2. Uncertainty assessment 

Histograms of the frequency distributions for the masses of water, 
salt, shellfish and beer ingested and for the total mass were generated 
(Figures S2 to S4). The interpretation of the 95% confidence intervals is 
that the "true" mass ingested for each food source and total mass will be 
within the ranges calculated (Table 7). However, this depends critically 
on the shape of the uniform distribution chosen and the assumed 50% 
relative uncertainty in number of particles and mass of particles. This 
uncertainty was chosen arbitrarily to help in understanding the 
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Table 6 
Summary of the annual average number of microplastics (particles) ingested 
(particles), and global average rate of microplastics ingested (g) per person per 
year.  

Source of 
particles 

ANMPingested 

(particles) 
GARMI 
(0–1 mm)  
Scenario 1 (g) 

GARMI 
(0–1 mm)  
Scenario 2 (g) 

GARMI 
(0–1 mm)  
Scenario 3 (g) 

Shellfish  9,445  26.4  0.0  0.0 
Salt  565  1.6  7.4  14.2 
Beer  523  1.46  0.3  0.5 
Drinking 

water  
91,994  257.5  0.0  0.0 

Total (per 
year)  

102,527  287.0  7.7  14.7 

TOTAL 
(PER 
WEEK)  

1,972  5.5  0.1  0.3  
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sensitivity of the mass ingested to errors in the estimates reported. 

4. Discussion 

Globally, humans have been exposed to microplastics from various 
sources and their adverse health impacts are emerging. Human health 
risk assessments could be conducted using standard in vitro and in vivo 
models if the mass of microplastics ingested was known, similar to 
pharmaceutical assessments. Thus, the estimation of an ingestion rate 
would form the basis of a human health risk assessment. This study 
builds on current knowledge by converting the ANMP ingested into a 
mass value which has greater relevance to human toxicology, as a rate 
based on ANMP fails to provide information regarding the size or bio
accessibility of microplastics (Filella, 2015; Lehtiniemi et al., 2018). 
Predictor variables were identified, and with the use of conservative as
sumptions, a simple relationship between the ANMP and AMIMPs was 
developed to provide a preliminary GARMI and a dynamic conceptual 
system that can be updated with further developments. 

4.1. Toxicology 

Whilst there is still a need for further evidence to determine the full 
impacts of microplastics on human health, there is sufficient evidence to 
necessitate a precautionary approach in dealing with microplastics 
which expounds the need for a preliminary ingestion rate. Studies on the 
impacts of microplastics on living organisms infer potential risks and 
direct links to human health (Nelms et al., 2018; Prata et al., 2020). For 
example, common plastic additives including phthalates, BPA and BPS, 
are considered endocrine− disrupting chemicals (EDCs), having been 
linked with reproductive and developmental disorders including breast 
cancer, blood infection, early onset of puberty and genital defects 
(Mishra et al., 2019; Ribeiro et al., 2019; Fraunhofer et al., 2019). The 
accumulation of microplastics in the liver and kidney causes disturbance 
of energy and lipid metabolism as well as oxidative stress (Deng and 
Zhang, 2019). Microplastics are able to be translocated in the gastro
intestinal tract (GIT) by persorption through the gaps in GIT (Vol
kheimer, 2001) or possibly by endocytosis through Peyer’s patches of 
the small intestine into the circulatory system (Powell et al., 2010). 
Browne et al., (2013) postulated that fine microplastics have the po
tential to transfer chemicals directly into tissues without the need for 
gastric desorption. Studies that investigated the inhalation exposure of 
microplastics via aerosol particles and household dust indicated a high 
risk to humans (S. Zhang et al., 2019; Y. Zhang et al., 2020). Prata 

(2018) estimated that human lungs may be exposed to 26–130 micro
plastics daily, posing a significant health risk due to the difficulties 
associated in clearing the particles from the respiratory system, the 
potential of the plastic to interact with other organic materials, and 
through the release of hazardous chemicals. 

4.2. Evidence of microplastics in humans and their associated impacts 

Evidence confirms the entry and presence of microplastics in the 
human system. Microplastics were detected in human stool in the order 
of 2 MP particles/g (Schwabl et al., 2019). A total of 9 polymer types 
were identified (mainly PP (63%) and PET (17%)) predominantly as 
films or fragments. Assuming the particles to be either all films or 
fragments, in the proportion of the polymers identified (Schwabl et al., 
2019), a rate of 1.1–29.36 mg/week of 50 µm < MP < 500 µm could be 
excreted (S1.6). Recently, J. Zhang et al., (2019) assessed the mass of 
microplastics recovered from pet stool, as a surrogate for the bio
monitoring of microplastics in humans, and found high concentrations 
of PET and PC in stools of cats and dogs, at a potential excretion rate of 
0.03–677.1 mg/week (S1.7). These findings are noteworthy as high 
concentrations of PP stimulated the immune system and enhanced po
tential hypersensitivity (Hwang et al., 2019). PET was reported to act as 
an irritant, causing blurring and tearing when in contact with eyes (J. 
Zhang et al., 2019). 

Additionally, phthalates plasticizers have been identified in human 
blood, sweat and urine (Genuis et al., 2012; Koch et al., 2017; Colón 
et al., 2000; Heffernan et al., 2020). PVC commonly contains BPA and 
phthalates which disrupts the normal development and functioning of 
the endocrine system (Proshad et al., 2017). For instance, a link between 
the concentrations of phthalates (suspected to have leached from plastic 
containers) in the blood of young girls, and the early onset of breast 
development was identified (Colón et al., 2000). 

Lung biopsies from workers in the textile industry revealed inter
stitial fibrosis and legions containing acrylic, polyester and nylon dust, 
highlighting the biopersistence of synthetic fibres in humans (Pimentel 
et al., 1975). Long-term occupational exposure to microplastics may 
lead to persistent interstitial lung diseases, various forms of cancer and 
death by pneumoconiosis (Prata, 2018; Turcotte et al., 2012). 

PS, produced from the styrene monomer, a known carcinogen 
capable of inducing neurotoxic and genotoxic effects (Oliveira and 
Almeida, 2019), demonstrated cytotoxic effects to cerebral and epithe
lial cells (Schirinzi et al., 2017), disruptions of the mitochondrial 
membrane potential of intestinal cells (Wu et al., 2019) and DNA 
damage (Poma et al., 2019). The prospect of PS accumulation in the 
tissues of the human placenta was observed during an ex vivo study 
(Grafmueller et al., 2015). 

Despite the discernible impacts different polymers and additives 
cause, these studies reiterate that these potentially hazardous contami
nants are entering and migrating through our bodies. Evidence of the 
impacts of different polymers is evolving but is currently still scarce 
(Lehner et al., 2019; Rist et al., 2018) and warrants further research 
moreover as an identified predictor variable of the GARMI specifically 
relating to density. 

4.3. Microplastic sources 

Microplastics have been found in the food we eat, liquids we drink, 
the air we breathe and the environment we inhabit. It is thus predictable 
that there is a relationship between the source of microplastics to 
humans and the environment it is acquired from. Several studies (Kim 
et al., 2018; Catarino et al., 2018; Qu et al., 2018a) have ascertained that 
there is a positive relationship between the number of microplastics 
present in aquatic organisms and their aquatic environments. Hence, the 
number of microplastics in foods sourced from the aquatic environ
ments, such as seafood and salt, maybe directly correlated to the mass of 
microplastics present in aquatic environments. Microfibres are highly 

Table 7 
Uncertainties in mass estimates for consumable categories based on Monte Carlo 
simulation results (g/year) of estimated mean mass and 95% confidence in
tervals of microplastics <1 mm ingested per person per year using 3 scenarios.  

Source of 
particles 

Monte Carlo simulation of mean mass consumed (g/person/year) 
[95% confidence interval] 

Scenario 1: Scenario 2: Scenario 3: 
Assuming aquatic 
particle (size 
0–1 mm)a 

Assuming sphere 
(diam 0 – 1 mm)b 

Assuming cube 
(length 0–1 mm)b 

Shellfish 36.0 [4.7,84.8] 8.9 × 10− 05 

[1.2 × 10− 05, 
2.1 × 10− 04] 

1.7 × 10− 04 

[2.3 × 10− 05, 
4.0 × 10− 04] 

Salt 2.3 [0.2, 5.6] 10.8 [0.7, 26.0] 20.8 [1.4, 50.9] 
Beer 1.9 [0.3, 4.5] 0.3 [0.05, 0.8] 0.6 [0.098, 1.5] 
Drinking 

water 
372.6 [28.1, 
906.4] 

0.06 [0.004, 0.1] 0.1 [0.008, 0.3] 

TOTAL 412.8 [63.4, 
948.8] 

11.2 [1.1, 27.0] 21.6 [2.1, 51.7] 

TOTAL (g/ 
week) 

7.9 [1.2, 18.2] 0.22 [0.02, 0.52] 0.42 [0.04, 0.99]  

a Particle size based on aquatic particle size data from literature reviewed. 
b Particle size based on PSDs specific to each category of consumable. 
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concentrated in domestic and commercial wastewaters and are released 
to the environment through final treated effluent and the land applica
tion of biosolids, and further transported by wind, runoff or other or
ganisms (Wright and Kelly, 2018; Raju et al., 2018). Surface water 
sources that are close to wastewater discharge points and/or untreated 
prior to drinking are predisposed to higher concentrations of micro
plastic pollution particularly in urbanized environments where the 
prevalence of plastics are greater. Notwithstanding, microfibres have 
been detected in remote locations (Allen et al., 2019; Bergmann et al., 
2019) with deposition rates comparable to that of highly developed 
cities (Cai et al., 2017; Dris et al., 2016), indicating their occurrence and 
extensive distribution throughout the atmosphere. Atmospheric micro
plastics, derived from natural or synthetic materials, are generated 
through the laundering and abrasion of textiles, carpets, artificial turf, 
household dust, tyres and road abrasions (Prata, 2018; McIlwraith et al., 
2019; Saborowski et al., 2019). As humans not only inhale, but are also 
prone to ingesting dust particles (J. Zhang et al., 2019; Catarino et al., 
2018), the inclusion of atmospheric data would further increase the 
estimation of the GARMI and provide additional information regarding 
the amounts of microplastics entering humans. 

4.4. Computing the GARMI 

Our analysis obtained a preliminary estimate of the GARMI utilizing 
the available data coupled with conservative estimates of ingestion rates 
(e.g. the amount of water consumed per person was assumed to be 0.6 L/ 
day, the amount of salt ingested is the recommended daily intake (0.55 - 
0.84 kg/person/year to 0.84 kg/person/year) instead of the actual re
ported average consumption (3.25–4.38 kg/person/year) (Table 1)). 
Only categories of consumables with robust data were utilized. Some 
categories were intentionally excluded due to their limited nature 
(honey, sugar and fish) while data from other categories (including 
staples such as pasta, oil, milk, bread, rice, meat and wheat) were not 
included due to the absence of data at the time of analysis. The contri
bution of microplastics from plastic utensils, cutlery, toothpaste, 
toothbrushes, food packaging (plastic and plastic-lined e.g. acrylic and 
polyester coatings in cans (Geueke, 2016)) were also excluded due to 
data limitations. Since then, additional publications have been released 
reporting new findings of microplastics in tea (Hernandez, 2019), milk 
(Kutralam-Muniasamy et al., 2020), soft drinks (Shruti et al., 2020a), 
and drinking water fountains (Shruti et al., 2020b). Clearly, there are 
multifarious microplastics which are yet to be investigated and 
accounted as contributory sources of ingestion, and should be added to 
the database generated through this study, to update the GARMI as new 
information becomes available. 

4.5. Number of microplastics 

Our global estimates of ANMP ingested are comparable with those 
recently reported by Cox et al., (2019), who estimated that North 
Americans ingest and inhale between 39,000 to 142,000 ANMP per year; 
and Q. Zhang et al., (2020) who estimated an ingestion rate up to 77,700 
from salt and water, and up to 30,077,700 when including inhalation. 

4.6. Largest contributor from source of life 

Our study suggested that drinking water (tap and bottled) was the 
greatest contributor to the number of particles ingested by humans 
globally. Generally, higher counts of microplastics were reported in 
bottled water, which was likely to be from the packaging and processing 
(Schymanski et al., 2018). Raw water was not included in the calculation 
as consumption data is not readily available. Curiously, the amount of 
microplastics found in raw water samples (Pivokonsky et al., 2018) were 
in the same order of magnitude as those obtained for bottled water 
(Oßmann et al., 2018a) wherein both studies investigated microplastics 
down to 1 µm. Most microplastic research is now revealing that the 

ANMP increases as particle size decreases (Allen et al., 2019; Oßmann 
et al., 2018a) and as the drinking water studies reported finer micro
plastics, it is fathomable that this category is the largest contributor. 

4.7. Analytical challenges 

Due to technological and time constraints, fine microplastics and 
small volumes of samples are possibly yielding underestimations. For 
example, so as to manage both the ANMP and the time to analyze the 
finer particles, Oßmann et al., (2017) reduced the sample volumes to 
250 mL. Furthermore, only a subset of the filters were analyzed and 
extrapolated to provide a quantity (particles/L). It is thus not only very 
possible to miss larger particles when using smaller samples, but also 
increase the risk of underestimation. Large volumes of samples are 
necessary to provide representative results when dealing with fine 
quantities of contaminants (Mintenig et al., 2019). Additionally, 
Oßmann et al., (2018a) stated that the particles tended to stack together 
on the filters when the numbers were high, which underestimated the 
total number of particles as the stacks were recognized as a single par
ticle instead of the counts that made up the stack. This further com
pounds the underestimation of ANMP, and therefore total mass. 
Considering the toxicological risks associated with the ingestion of finer 
microplastics (<150 µm) (EFSA, 2016; Lehtiniemi et al., 2018), 
advanced analytical techniques capable of detecting microplastics 
especially in the bioavailable range must be employed in the quantifi
cation process to minimize underestimation. 

It is undeniably more challenging to identify and quantify finer 
particles (Oßmann et al., 2018a; Schymanski et al., 2018). Currently 
Raman spectroscopy and Fourier-transform infrared spectroscopy 
(FTIR) are recommended to characterize microplastics due to their non- 
destructible and highly accurate spectrum (Prata et al., 2019). However, 
the difficulty for all microplastics to be analyzed by spectroscopy due to 
subjective bias, and the possibility of the additive pigment spectra 
totally covering its spectra, needs to be considered as underestimations 
are tenable (Imhof et al., 2016; Lenz et al., 2015). Moreover, although 
technology such as Raman spectroscopy can analyze finer particles 
(when compared with FTIR), the intensity of the laser could potentially 
damage the microplastics, rendering underestimations (Schymanski 
et al., 2018). The analytical ability to identify and quantify fine micro
plastics is only just emerging (Toussaint et al., 2019a). 

The number of microplastics reported in the publication used for the 
development of the shellfish PSD was underestimated due to the detri
mental effects of concentrated HNO3 on plastics during the extraction 
phase (Van Cauwenberghe and Janssen, 2014). Acid digestion of tissue 
and organics can result in degradation of the plastic matrix to the extent 
that plastics are overlooked during the identification process. Addi
tionally, given that no fibres were reported by Van Cauwenberghe and 
Janssen (Van Cauwenberghe and Janssen, 2014), and that fibres were 
the dominant microplastic type reported by various other shellfish 
studies (Qu et al., 2018a; Mathalon and Hill, 2014; De Witte et al., 
2014), it can be concluded that all microplastics were not accounted for. 
In light of this, the lower ingestion rate calculated for shellfish using the 
PSD approach compared with using the uniform distribution approach is 
to be expected. 

4.8. Microplastic size 

The size of microplastics has an influence on the GARMI as seen with 
shellfish. De Witte et al., (2014) reported that fibres recovered from 
shellfish ranged from 200 µm to 1500 µm, while Khan and Prezant 
(Khan and Prezant, 2018) found PE particles ranged between 250 µm 
and 300 µm in tissue sections of 50% of experimental mussels, whilst 
Phuong et al., (2016) identified 11% of the microplastics in mussels to be 
>100 µm. Our study employed a lower particle size of 23.8 µm for 
shellfish using the PSD approach. This explains the lower AMIMPcon

sumble when compared to the AMIMPaquatic. During experimental trials, 
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shellfish have demonstrated the uptake and excretion of larger plastic 
particles (~30.6–4400 µm (Jâms et al., 2020; Saborowski et al., 2019; 
Cole et al., 2013)) indicating that larger particles need to be accounted 
for in order to achieve better accuracy for human risk assessment, as 
time of excretion is an unknown, ranging from hours to days (Sabo
rowski et al., 2019; Cole et al., 2013). Our study does not account for 
particles >1mm which is potentially ingested (Jâms et al., 2020). 

The data from the water category, at glance suggested a bias that 
could be misinterpreted as an outlier due to the findings of a recent study 
(Pivokonsky et al., 2018). However, this is attributed to the fine 
microplastics (average ~29.1 µm) that were captured in the analysis 
(Pivokonsky et al., 2018) which were not captured in data from the 
aquatic environment literature (average ~300 µm). The data highlights 
that there are many fine microplastics that have not been accounted for 
in older studies. While individually possessing only a fraction of the 
mass of the more conspicuous particles, a considerable portion of 
microplastics, incrementally amassing, may be currently unaccounted 
for in microplastic estimates. 

4.9. Microplastic shape 

There is a direct relationship between the physical characteristics of 
the microplastics ingested and the mass ingested. Due to the limited data 
availability, in the estimations using PSDs, the microplastics were 
assumed to be spheres representing microbeads and the average parti
cle, or cubes representing fragments and the largest particles. Cylinders 
were considered to represent microfibres, however, considering micro
fibres vary greatly in length, and that most microplastics recovered from 
human stool were rarely fibres (Schwabl et al., 2019), microfibres were 
not further investigated. Films, square prisms, were also discounted due 
to their limited reporting, their large variations in geometry and sus
pected underestimations. The assumed cubes commanded the largest 
unit volumes and therefore largest AMIMP, and films the smallest 
(Fig. 5). Had microplastic films been more abundant, it would have been 
included in the GARMI, and the corresponding mass could be lower 
(depending on the ANMP). Whilst studies on marine organisms indicate 
that shape influences ingestion and toxicity (Gray and Weinstein, 2017; 
de Sá et al., 2018), interestingly, an experimental study discovered that 
size of the plastic influenced the rate of ingestion more than its shape 
(Lehtiniemi et al., 2018) potentially suggesting for more research to 
focus on size before shape. 

4.10. Demystifying the approaches 

Many studies reviewed indicated that the microplastics reported 
could be underestimations, consequently rendering a high likelihood of 
an underestimated GARMI. Our theory of underestimation was similar 
to Cox et al., (2019) who expressed that they were only able to assess 
15% of a person’s dietary intake due to data limitations, and that their 
findings were therefore likely to be underestimations. 

Although individuals ingest microplastics through numerous sources 
daily, the preliminary GARMI only presents the findings through the 
ingestion of four consumables, hence the three scenarios, using a range 
of AMIMPs, provides a spectrum of the possibilities. Given the estab
lished correlation between the number of microplastics in organisms and 

their aquatic environments, it would seem reasonable to use the 
AMIMPaquatic to provide a worst case scenario of the GARMI. The 
rationale for use of AMIMPconsumable(cube) is attributed to an attempt to 
compensate for the underestimations in the reported data. The use of the 
AMIMPconsumable(sphere) presents a conservative average using the PSD 
approach (Table 8). The use of PSD data for all (and more) categories 
would have been the preferred approach to calculate an estimation, 
however the data sets were too limited. 

4.11. Medley approach 

Improved analytical methods, and an increased number of studies, 
will allow for more accurate PSD analysis for various categories of 
consumables ingested, allowing for the GARMI to be updated. Until such 
time, the consideration of the three scenarios discretely projects a 
GARMI that somewhat accounts for the identified underestimations. A 
combination approach of the scenario resulted in a GARMI of 0.7 g/ 
week (Table 9). Hence pending further availability of data, our pre
liminary estimates indicate that humans could potentially be ingesting 
between 0.1-5g of microplastics per week. 

An individual’s susceptibility to ingestion of microplastics, based on 
the predictor variables, will influence their corresponding exposure. For 
example, individuals with a significant diet of shellfish and bottled 
water, with a high calorific intake from these categories will be more 
likely to have an increased exposure to microplastics compared with 
individuals who consume less (Cox et al., 2019; Schymanski et al., 
2018). Individuals who frequently ingest consumables packaged in 
plastics, will have higher exposure as plastic packaging contributes to 
microplastics in consumables (Kim et al., 2018). It is hypothesized that 
individuals from regions with a low reliance on plastic products, superior 
waste management facilities, better quality water sources and adequate 
policies with respect to food health and safety will be at less risk of 
microplastic exposure compared to individuals from regions that are still 
developing in these aspects. Further research is necessary to confirm this 
hypothesis. Nonetheless, there is sufficient evidence to indicate that the 
predictor variables identified influences individuals’ exposure and the 
GARMI. 

4.12. Knowledge gaps and future directions 

Despite the dramatic increase in microplastics literature, there were 

Fig. 5. Unit volumes of assumed microplastics shapes.  

Table 8 
Rationale behind the use of the estimated average masses of individual micro
plastics for the estimation of the global average rate of microplastic ingested.  

Assumed AMIMP Rationalea 

AMIMPaquatic Microplastics found in aquatic organisms mirror the 
microplastics in the aquatic environment, indicating the 
reality that organisms can ingest particles in this range, hence 
providing a reasonable "worst case scenario" 

AMIMPconsumable 

(sphere) 

This presents a conservative average GARMI using PSD 
approach as the shape is mid of the range (Fig. 5) 

AMIMPconsumable 

(cube) 

Underestimation of particles is undisputed, due to a variety of 
reasons, and the use of a cube particle with the PSD can 
somewhat compensate for the unaccounted microplastics  

a Noting the GARMI assumes only 4 consumables enter the human system 
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considerable limitations and challenges encountered during this anal
ysis, due to a scarcity of data, different reporting metrics, uncertainties, 
variations in identification techniques and analytical challenges faced 
by the authors, as well as a variety of experimental conditions. An 
assessment of the data quality of studies to date found that forty six out 
of fifty publications on microplastics in freshwaters and drinking water 
did not meet high standards of quality assurance and were considered 
incomplete or unreliable on various aspects involving controls, sampling 
methods, processing and analysis (Koelmans et al., 2019). This high
lights the existence of many uncertainties associated with the quantifi
cation of microplastics in water, and by inference, other sources. 
Furthermore, there were a limited number of studies that collected and 
reported both the number and mass of microplastics, or information on 
the PSD of microplastics. As such, the ANMP and AMIMP for various 
categories were developed for the estimation of the GARMI using as
sumptions and extrapolations, including an even PSD for 0–1 mm. It is 
acknowledged that with every assumption and extrapolation, the level 
of uncertainty increases, which can only be reduced with input from 
additional research. The adoption of a Bayesian approach to update our 
preliminary estimate of the GARMI is recommended. Specific recom
mendations for future directions include: 

• Standardization of analytical methods and basic microplastic pa
rameters that need to be collected during microplastic studies (e.g. 
size, shape, polymer, number of particles, mass of particles, PSDs), to 
allow for better standardized definitions of those parameters (e.g. the 
size of microfibres could be defined such that 25% of the material by 
weight is greater than a size). A standardized quantification and 
characterization of sampling, analysis and reporting would allow for 
the development of an inherently more robust data set.  

• Investigations into the influence of predictor variables on the GARMI 
be undertaken. Consideration given to various combinations and 

permutations of the predictor variables to determine adverse human 
health impacts of microplastic ingestion.  

• Acquisition of additional detailed data from food groups consumed 
daily (staples) including water, milk, rice, wheat, corn, bread, pasta, 
oils, meat, etc.  

• Investigations of technology to reduce and/or remove microplastics 
from staples with high GARMI to reduce exposure, taking into 
consideration the effects of bioaccumulation of microplastics in the 
natural environment and uptake of microplastics by plants, organ
isms, and transportation by wind.  

• Establishment of geographical, cultural and demographic patterns of 
microplastic ingestion based upon the availability, access to and 
cultural appropriateness of different consumables.  

• Evaluation of the degree to which microplastic size are transferred 
through the food web vs. transferred along other pathways through a 
mass balance. 

• Investigations of the interactions of microplastics and other con
taminants and its fate, transport and impacts on the human system.  

• Determination of the threshold of toxicity of microplastics ingested, 
in terms of the physical characteristics of microplastics such as size, 
mass, polymer, and shape.  

• Determination of the extent of migration of microplastics from 
utensils and food packaging into food. Estimation of ingestion rates 
of plastics from cooking and eating utensils (especially by children). 

5. Conclusion 

The global presence and persistence of microplastics are well- 
established; however, the amounts of microplastics humans ingest was 
to be fully quantified. Our study provides a preliminary estimate of the 
potential amount of microplastics that may be ingested by humans, 
which can serve as a basis for future investigations. It highlights the risks 
to humans, stressing the need for a precautionary approach to be 
adopted. Following a systematic process, the analysis indicates that 
globally, on average, humans could potentially be ingesting 0.1–5 g of 
microplastics per week. The amount of the microplastics ingested by an 
individual will depend on a combination of highly variable parameters, 
not only of the characteristics of the microplastics but also to each in
dividual’s age, size, demographics, cultural heritage, geographic loca
tion, nature of the development of surrounding environment and 
lifestyle options. 
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Table 9 
Estimates of the global average rate of Microplastics ingested using a combi
nation of approaches and the rationale behind the choice of average mass of 
individual microplastic.  

Consumable 
Category 

AMIMP to 
consider 

Rationale for choice of 
AMIMP 

GARMI 
(g/yr) 

Shellfish AMIMPaquatic Microplastics found in 
aquatic organisms mirror 
the microplastics in the 
aquatic environment (Kim 
et al., 2018; Catarino 
et al., 2018; Qu et al., 
2018b) 

26.4 

Salt (aquatic and 
terrestrial: sea 
salt, rock salt, 
lake salt) 

AMIMPconsumable 

(sphere) 

Studies suggest that salt 
are heavily concentrated 
with microplastics. The 
refining process of salt can 
remove particles, 
however, conversely, add 
particles if cleaning agents 
with microbeads are used 
in the processing plants ( 
Kim et al., 2018). 

7.4 

Water AMIMPconsumable 

(cube) 

Easy to underestimate fine 
particles (Toussaint et al., 
2019b; Oßmann et al., 
2018b) in liquids from 
small volume of samples ( 
Mintenig et al., 2019), use 
of cube to compensate 

0.08 

Beer AMIMPconsumable 

(cube) 

Easy to underestimate fine 
particles in liquids from 
small volume of samples 
and PSD, cube to 
compensate 

0.5 

TOTAL INGESTING ALL CONSUMABLES 34.4 
(0.7 g/ 
wk)  
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Shruti, V.C., Pérez-Guevara, F., Elizalde-Martínez, I., Kutralam-Muniasamy, G., 2020a. 
First study of its kind on the microplastic contamination of soft drinks, cold tea and 
energy drinks − future research and environmental considerations. Sci. Total 
Environ. 726 https://doi.org/10.1016/j.scitotenv.2020.138580. 
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