Environmental Pollution
Thermal processing reduces PFAS concentrations in blue food – A systematic review and meta-analysis
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Highlights
· Our meta-analysis explores the effects of cooking on PFAS loads in animal produce.
· Cooking can reduce PFAS concentrations in blue food (i.e., seafood).
· Longer cooking and larger relative volume of cooking media favours PFAS reduction.
· Shorter chain PFAS decrease more in oil-based cooking than longer chain PFAS.
· The lack of data on terrestrial species needs to be addressed in future studies.
Abstract
Per- and polyfluoroalkyl substances (PFAS) are ubiquitous in the environment and often ingested with food. PFAS exposure in people can have detrimental health consequences. Therefore, reducing PFAS burdens in food items is of great importance to public health. Here, we investigated whether cooking reduces PFAS concentrations in animal-derived food products by synthesizing experimental studies. Further, we examined the moderating effects of the following five variables: cooking time, liquid / food item ratio, cooking temperature, carbon chain length of PFAS and the cooking category (oil-based, water-based & no-liquid cooking). In our systematic review searches (including the grey literature), we obtained 512 effect sizes from 10 relevant studies. These studies exclusively explored changes in PFAS concentrations in cooked seafood and freshwater fish. Our phylogenetically controlled multilevel-meta-analysis has revealed that, on average, cooking reduced PFAS concentrations by 28%, although heterogeneity among effect sizes was very high (I2 = 94.65%). Our five moderators cumulatively explained 36% of the observed heterogeneity. Specifically, an increase in cooking time and liquid / animal tissue ratio, as well as shorter carbon chain length of PFAS (when cooked with oil) were associated with significant reductions in PFAS concentrations. The effects of different ways of cooking depended on the other moderators, while the effect of cooking temperature itself was not significant. Overall, cooking can reduce PFAS concentrations in blue food (seafood and freshwater fish). However, it is important to note that complete PFAS elimination requires unrealistically long cooking times and large liquid / animal tissue ratios. Currently, literature on the impact of cooking of terrestrial animal produce on PFAS concentrations is lacking, which limits the inference and generalisation of our meta-analysis. However, our work represents the first step towards developing guidelines to reduce PFAS in food via cooking exclusively with common kitchen items and techniques.
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1. Introduction
[bookmark: _Hlk75966338]We eat to live. However, food consumption is also a common pathway for unwanted and even harmful substances being incorporated into our bodies. Among those are per- and polyfluoroalkyl substances (PFAS, also spelled PFASs). PFAS are a group of thousands of exclusively anthropogenic chemicals which have been in commercial use since the 1950s. Due to their unmatched heat-resistant, and oil- and water-repellent properties, they have added to the convenience of modern life. Their most common applications include Teflon, aqueous film-forming foam (AFFF) and Scotchgard (Fredriksson et al., 2020). PFAS have since leached into the environment, including waterways and oceans around the globe (González-Gaya et al., 2019; Yamazaki et al., 2021) and can now be found in the remotest of habitats (Casal et al., 2017; Stroski et al., 2020). PFAS persist and accumulate in the environment due to the extraordinary stability of the carbon-fluorine bond in their molecules (Cousins et al., 2020). 
Therefore, it is perhaps not surprising that multiple studies detected PFAS in a variety of food items of animal origin, including dairy products (Macheka et al., 2021; Sznajder-Katarzyńska et al., 2019), blue food (i.e., seafood and freshwater fish) (Bhavsar et al., 2014; Del Gobbo et al., 2008; Taylor et al., 2019), eggs (Zafeiraki et al., 2016), and meat (Tittlemier et al., 2007; Vaccher et al., 2020). Animal products, in particular seafood and freshwater fish, are thus believed to be one of the main sources for PFAS exposure in humans (Berger et al., 2009; Christensen et al., 2017; De Silva et al., 2021; D’eon and Mabury, 2011). Most humans carry detectable burdens of PFAS (Graber et al., 2019; Kotlarz et al., 2020). These substances mostly bind to blood proteins and can remain in the body for several years (Li et al., 2018). PFAS exposure has been linked to various negative health effects, including obesity (Braun, 2017), breast cancer (Bonefeld-Jørgensen et al., 2014) and premature births (Huo et al., 2020). 
As the consumption of animal products is deeply rooted in the majority of human cultures, and as this is unlikely to completely change in the near future, it is in the interest of public health to reduce the concentration of PFAS in food items. Several studies investigated the effects of thermal processing (e.g., boiling, steaming, frying) on PFAS burdens in a variety of species of blue food (seafood and freshwater fish) (Alves et al., 2017; Barbosa et al., 2018; Bhavsar et al., 2014; Del Gobbo et al., 2008; Hu et al., 2020; Kim et al., 2020; Luo et al., 2019; Sungur et al., 2018; Taylor et al., 2019; Vassiliadou et al., 2015). Considering the chemical stability and heat resistance of PFAS, a breakdown of PFAS appears unlikely under conventional cooking conditions (Taylor et al., 2019). However, Del Gobbo et al. (2008), Kim et al. (2020), Luo et al. (2019) and Sungur et al. (2018) hypothesized that the cooking heat disrupts the protein-PFAS bond within the animal tissue and, therefore, releases PFAS. As a consequence, PFAS can potentially leach out from the tissue into cooking media (Krafft and Riess, 2015). In addition, Del Gobbo et al. (2008) and Hu et al. (2020) speculated that the ratio of PFAS loss may be correlated with the length of the carbon chain of PFAS. Perfluoroalkyl carboxylic acids (PFCA) with seven or more fully fluorinated carbon atoms, as well as perfluoroalkane sulfonic acids (PFSA) with six or more fully fluorinated carbon atoms, are considered long-chain PFAS. Those with less carbon atoms are called short-chain PFAS. Short-chain PFAS tend to leach out in relatively higher quantity (Del Gobbo et al., 2008; Hu et al., 2020).
[bookmark: _Hlk74234933][bookmark: _Hlk74235063][bookmark: _Hlk75795369] However, the evidence on the overall efficiency of thermal processing has been inconclusive. Whereas Kim et al. (2020) and Sungur et al. (2018) found a significant decrease of PFAS concentration with all tested cooking methods, Barbosa et al. (2018) and Taylor et al. (2019) concluded that thermal processing is not a consistently effective approach to reducing PFAS. Synthesising these experimental data within a meta-analysis framework presents an opportunity to quantitatively resolve such contradictory empirical evidence. To determine whether cooking methods are efficient at reducing PFAS burden, we performed a systematic review and meta-analysis of the literature reporting PFAS concentration in animal products before and after thermal processing. Given the current literature, we test two broad hypotheses: 1) thermal processing decreases PFAS concentrations, and 2) thermal effects are highly context-dependent, so that we observe high heterogeneity among effect sizes, and thermal processing is therefore not generally suitable for reducing PFAS burdens (non-mutually exclusive). Furthermore, using meta-regression analysis, we test the following moderators for their impact on the change of PFAS concentrations: cooking time, liquid/animal tissue ratio, cooking temperature, carbon chain length of PFAS and cooking category. Details of the moderators and related predictions are outlined in Table 1.
	[bookmark: _Hlk75794397]Moderator
	Prediction
	Explanation for prediction
	References supporting the prediction

	Cooking time
	The longer the cooking time, the more likely it will be for PFAS concentrations to decrease.
	Prolonged heat exposure increases disruption of protein-PFAS bonds in the tissue and the release of formerly trapped PFAS. 
	Del Gobbo et al., 2008; Kim et al., 2020; Luo et al., 2019; Sungur et al., 2018

	 Liquid/animal tissue ratio
	As the liquid/animal tissue ratio increases, PFAS concentrations will decrease.

	The more cooking liquid (oil or water) is used in relation to the weight of the cooked animal tissue, the higher the chances for the cooked tissue to be exposed to the liquid. The cooking liquid can act as a solvent and sink for PFAS that has been released from their protein-bond.
	Hu et al., 2020; Kim et al., 2020; Luo et al., 2019

	Cooking temperature
	As the cooking temperature increases, PFAS concentrations will decrease.

	The higher the cooking temperature is, the more the heat will permeate through the tissue. The heat can cause disruption in the protein-PFAS bonds, releasing PFAS into the cooking liquid.
	Del Gobbo et al., 2008

	Carbon chain length of PFAS


	The shorter the carbon chain 
length of PFAS, the more easily 
they will be removed from food items during cooking.

	Long-chain PFAS can form stronger bonds to protein molecules in a tissue than shorter-chain PFAS. Therefore, the latter will get released from the tissue quicker during cooking.
	Del Gobbo et al., 2008; Hu et al., 2020  

	Cooking category
	Liquid-based (with oil or water) cooking will reduce PFAS concentrations more than cooking without liquid.

	Cooking liquid (oil / water) can act as a PFAS solvent and sink, facilitating PFAS removal from the tissue.
	Kim et al., 2020; Luo et al., 2019


Table 1. Main meta-analytic moderators expected to affect the level of change in PFAS concentration of animal products during thermal processing. We provide predictions on the expected influence for each moderator, alongside with explanation and supporting references. Cooking refers to any kind of thermal processing performed in the studies included in the meta-analysis.

2. Material and methods
As general guidelines, we followed and referenced to the systematic procedures for question formulation, literature search and screening, detailed in Foo et al. (2021). Also, we recorded and reported our data collection and analyses, and results following PRISMA-EcoEvo (Preferred Reporting Items for Systematic reviews and Meta-analyses in Ecology and Evolutionary biology; O’Dea et al., 2021, S1).
2.1 Literature search and screening
We used the population–exposure–comparator–outcome (PECO) framework (Morgan et al., 2018) to shape our literature search and screening. We defined the target population as edible products derived from animals, including meat, eggs, seafood, milk, freshwater fish, etc. (animal products/ tissues thereafter). We considered exposure as any type of processing that included heating of the product under laboratory (or equivalent) conditions. The comparator was the raw version of the product derived from the same animal as the processed sample. We defined the outcome as the difference of the PFAS concentrations in the raw (comparator) and the thermally processed sample.
[bookmark: _Hlk75778937]For the systematic review and meta-analysis we included those studies that (1) were peer-reviewed, pre-prints or a thesis of an empirical study or a review whose full text was in English, (2) that focused on the effects of thermal processing on PFAS concentrations in edible animal products / tissues, (3) that were performed in the controlled environment of a laboratory / processing facility and (4) that compared the PFAS concentration of thermally processed and unprocessed samples of the same tissue. We used two separate decision trees representing these criteria for abstract (A) and full-text screening of primary studies (B) and reviews (C), respectively (Figure S1). 
[bookmark: _Hlk75967129]We performed a comprehensive systematic search for eligible peer-reviewed studies using two broad-coverage electronic databases: Scopus and Web of Science (Core Collection). Moreover, we also screened the grey literature for eligible pre-prints and theses using the following databases: Ebsco, biorxiv, BASE and Mendeley Data. We decided against including conference proceedings and abstracts as these are unlikely to include all the data and information required for the meta-analysis. Additionally, we performed backward (cited) and forward (citing) reference searches from all included studies. We included eligible studies until March 2021. The search strings for each database along with the summaries of search results are presented in Table S2. 
Two researchers (ML & CV) independently screened titles and abstracts of all potentially suitable studies found in our literature searches using the software Rayyan QCRI (Ouzzani et al., 2016). If there was disagreement between the screeners, they discussed and resolved the issue to reach consensus. Subsequently, the same researchers independently screened the full text of the studies that passed the first screening step. Again, any disagreement on inclusion was resolved via discussion. The screening process is presented in the PRISMA flowchart (Figure 1A).

2.2 Data-set compilation 
We used a pre-designed Excel spreadsheet to record the extracted data. After one researcher (CV) extracted the data, another (ML) cross-checked the extracted information. If the data was presented in a figure, we used the R package MetaDigitise, version 1.0.1, (Pick et al., 2019) to extract the data. Otherwise, we manually extracted data from tables or the text of the publication. We contacted the corresponding authors if data required for the meta-analysis was missing in the paper. Missing data included the following: raw data, number of individuals per species included in the study, type of cooking liquid and cooking liquid / animal tissue ratio used in thermal processing, scientific names of studied species (if the common name was ambiguous). If the authors did not reply, we extrapolated the missing information wherever possible. For instance, in some cases only the common name of a seafood species was provided (e.g., swimming crab). As this name applies to a large group of crab species, we checked for the most common species that was regularly sold for human consumption in the country of question and adopted the according name for the study species. Another example was the missing temperature value for the cooking method “stir-frying”. We imputed the most commonly applied temperature when stir-frying from the literature. In all cases of missing data, at least two authors discussed the issue of missing data and agreed on the best course of action for data imputation.
The full list and description of data extracted from each study is presented in Table S3. In short, the key extracted data included citation information (title, author & year of publication), the study species (common name & scientific name), the PFAS types studied (type & carbon chain length (Chemsrc 2021)), details about the cooking procedure (method, temperature, liquid used, cooking duration), PFAS concentration data needed to calculate effect sizes (mean, standard deviation or standard error, sample size of control and treatment samples; we used number of tissue samples measured as a replication unit). We also noted where the data relevant for the effect sizes was extracted from (text, table or figure, with number). We classified cooking methods as oil-based, water-based and without adding any liquid (i.e., no-liquid). We note that the water-based category had two sub-categories: steaming or non-steaming (e.g., boiling); for steaming (25 effect sizes from 4 studies), the information on cooking liquid / animal tissue ratio was not available for all effect sizes. We recorded additional comments on the study data and methods, such as units of PFAS measurement, percentage of moisture loss from cooked tissues, cooking oil type, and other potentially relevant details (Table S3).
[bookmark: _Hlk69476727]We recorded information related to the methodological and reporting quality of the included studies. These details included reporting of numbers of animals (biological replicates) used for experiments, study design (i.e., non-independence with paired samples, or multiple samples compared to a single control group), pooling of tissue samples before PFAS measurements, detection / quantification limits for PFAS measurements, and whether authors reported if their measurements included only linear PFAS molecules or also their non-linear forms. We also noted whether studies mention randomisation (usually not relevant due to commonly used paired design) or blinding, and if raw data was provided on our request. This information was considered in the narrative discussion of our findings. 

2.3 Effect size calculation
To quantify changes in PFAS concentrations after thermal processing, we used the logarithm of response ratio (lnRR), first proposed by Hedges et al. (1999) and subsequently extended by Lajeunesse (2011) and Senior et al. (2020). The point and (sampling) variance estimates, lnRR and v(lnRR), can be written as:


where mT and mC are the sample means for the treatment (thermally processed) and control (unprocessed) groups, respectively, nT and nC are the sample sizes for the two groups and CV is the coefficient of variation; that is,  and , with sd being the (sample) standard deviation. Importantly, rTC is the correlation coefficient of PFAS concentrations in samples between the two groups. In all studies we examined, they used the paired design where samples originated from the same animals (i.e., ). Yet, no studies provided an estimate of rTC. Therefore, for our effect size calculation, we assumed this correlation to be 0.5, which is conservative (see Noble et al., 2017). 
Spake and Doncaster (2017) showed that sampling variance estimates that include sample standard deviation (sd; e.g., Equation 2) are likely to be downwardly biased when sample sizes (n) are small (n < 50). Our sample sizes (n) per effect size were between 1 and 50, with the average of 11.5. Accordingly, we used: 


where k is the number of effect sizes (or studies) and the other symbols are the same as the above. The use of the averaged CV (i.e., ) was shown to reduce the bias identified by Doncaster and Spake (2017). Of relevance, many studies did not provide sample standard deviation (sd) required to obtain CV (sd were missing for over 60% of effect sizes). Conveniently, we calculated the averaged CV from the studies where sd was available. In this way, we were able to obtain sampling variances (Equation 4) for all effect sizes (Equation 3), despite missing sd. We note, however, that in Equations 3 and 4, we presumed that CV was fairly constant across studies, which has some empirical support for ecological data (e.g., Nakagawa et al. 2015).
All relevant calculations and the subsequent modelling were conducted in the R environment (R Core Team 2021). Our R scripts including data wrangling, analysis and modelling are available at the GitHub repository (github.com/ScienceCath/CookedFish_PFAS). 

2.4 [bookmark: _Hlk67406770][bookmark: _Hlk67405392]Meta-analytic and meta-regression models
[bookmark: _Hlk75968183]We employed ‘phylogenetic multilevel meta-analytic and meta-regression models’ (Hadfield and Nakagawa, 2010; Nakagawa and Santos, 2012) implemented via the function rma.mv in the package, metafor, version 2.4.0 (Viechtbauer 2010). This statistical approach explicitly modelled multiple sources of statistical non-independence as random factors. For the initial meta-analytic model, we considered the following five random factors, with the first four being nesting or clustering groups and the last one being a complex correlation structure: 1) study ID (multiple effect sizes arising from the same studies), 2) cohort ID (multiple effect sizes arising from the same experiments/ animals used within a study), 3) types of PFAS (multiple effect sizes from the same PFAS chemicals), 4) species ID (multiple effect sizes arising from the same species), and 5) phylogeny (relatedness among species due to phylogenetic history; for more details see Cinar et al. 2020). However, in our preliminary analysis, cohort ID accounted for approximately zero variance and therefore was excluded from the rest of the analyses (both meta-analytic and meta-regression models). For the meta-analytic model, we quantified the multilevel model version of I2 as a measure of heterogeneity (i.e., obtaining the total I2 and I2 for each random effect, proposed by Nakagawa and Santos 2012; cf. Higgins et al. 2003). 
[bookmark: _Hlk74233031]	For meta-regression models, we fitted the following five moderators (fixed effects), with the first four being continuous (scaled prior to analysis) and the last one being categorical: 1) duration of thermal processing (cooking time), 2) cooking liquid / animal tissue ratio ( (effect sizes from no-liquid cooking were recorded as ratio of zero), 3) cooking temperature, 4) the length of carbon chain in measured PFAS, and 5) cooking categories (for rationale, see Table 1). We took two approaches: either modelling these moderators separately (uni-moderator models) or all together (multi-moderator or full model). This is partially because small numbers of missing values existed in the moderators: cooking time, cooking liquid / animal tissue ratio and time (see the Results section), resulting in the full model having a smaller sample size than the uni-moderator. For each model, we calculated marginal R2 to quantify the ‘variance accounted for’ by moderators in meta-regression models (Nakagawa and Schielzeth, 2013). For the multi-moderator model, we estimated marginal means for certain moderator values. Marginal mean estimates are group-specific means within a focal categorical moderator after taking out, or marginalising, the effect of other moderators (e.g., keeping continuous variables at their sample means and taking weighted averages according to the number of entries per level in a categorical moderator). We used the R package emmeans, version 1.6.1, (Lenth, 2019) to obtain marginal means, from our full model, for categorical moderators as well as for an overall effect, which conditioned upon, for example, certain cooking times or temperatures (github.com/ScienceCath/CookedFish_PFAS). 
	In addition to the above meta-regression models, we conducted multi-moderator meta-regressions after sub-setting our dataset into the three cooking categories (water, oil, & no-liquid) separately because differences between these mediums could change how the four continuous moderators (cooking time, cooking liquid / animal tissue ratio, cooking temperature, the length of PFAS carbon chain) behave (we note that this hypothesis was a posteriori – i.e., not included in hypotheses in Table 1). We then fitted these four moderators in a multi-moderator model for the oil-based data subset. The limited sample sizes allowed us to only fit the three moderators (cooking time, cooking liquid / animal tissue ratio, PFAS carbon chain length) for the water-based data subset, and one moderator (cooking time) for the no-liquid data subset. 
	Finally, we created ‘orchard’ plots to visualise model estimates for overall and categorical means along with their 95% confidence and 95% prediction intervals, using the R package orchard, version 1.10.3 (Nakagawa et al., 2021b). For model estimates for continuous moderators, we produced ‘bubble’ plots using the R package ggplot2, version 3.3.3 (Wickham, 2011).

2.5  Publication bias and sensitivity analysis
We checked for publication bias, or a ‘small study effect’, in two ways. First, we created a funnel plot using the residuals from the full model, which provided a visual indication of publication bias (Nakagawa et al., 2021a; Nakagawa and Santos, 2012). Second, we ran a multilevel version of Egger’s regression (Egger et al., 1997) using effective sample sizes (described in Nakagawa et al. (2021a)). Similarly, we tested for time-lag bias (i.e., if earlier studies tend to have high effect size magnitudes) by fitting ‘publication year’ as a moderator in a multilevel meta-regression model. Further, as a part of sensitivity analysis, we conducted a set of leave-one-out analyses where we iteratively ran phylogenetic multilevel models by leaving one study out from the data set. Via this process, we found one study had a large influence on our estimates (see Results). Therefore, we re-ran the meta-analytic model and key meta-regression models without this study to assess its impact on the presented overall results.

3. Results 
[bookmark: _Hlk71031309]3.1 Literature screening outcomes and dataset characteristics 
We screened a total of 452 studies (Scopus, Web of Science & grey literature). Eventually, we included 10 papers in the meta-analysis that passed the full-text screening step. The PRISMA flowchart in Figure 1A presents the complete selection process and the main reasons for exclusion of full-text studies. Table S4 shows the excluded studies and the reasons of exclusion in more detail. The included studies are listed in Table 2. Figure 1B, C, D provides an overview of the relevant content of the 10 included studies and the key data we extracted from them for the meta-analysis. The cooking techniques encompassed a broad range of cooking times, temperatures and relative volumes of cooking media. The 18 different types of PFAS that were measured across the 10 studies had a chain length from three to 14 carbon atoms (Figure 1C, Table S1). Most studied species were only present in a single study, the only species used in two studies was Mullus barbatus. We did not find any relevant studies that investigated the impact of thermal processing on any animal groups other than seafood and freshwater fish. Majority of data came from marine (62%) or freshwater fish (26%), with remaining effect sizes representing crustaceans, molluscs, tunicates and rays. The number of animals used for testing ranged from 1 to 60 individuals per study. The majority of studies pooled the specimens of each species into a single homogenated sample for analysis (327 effect sizes in eight studies). However, the remaining 185 effect sizes were determined by analysing specimens individually. For these, the sample size ranged between two to six specimens per effect size. Additionally, none of the ten studies stated that they performed analysis blinded or randomized samples. However, most of the studies used paired design, i.e., control and experimental samples derived from the same set of animals.

3.2 The overall effect and heterogeneity: meta-analysis
[bookmark: _Hlk71033267][bookmark: _Hlk75968386][bookmark: _Hlk75968396][bookmark: _Hlk74234364]Our meta-analysis revealed that the thermal processing of seafood and freshwater fish reduced the concentration of PFAS by 28% (overall lnRR [b0] = -0.324; 95% confidence interval, hereafter, CI = (-0.886, 0.238); p = 0.258; t[df = 511] ] = -1.133; Table S5), although this effect was statistically non-significant (but note the statistical significance of the overall effect when accounting for the effect moderators; see the next section). The heterogeneity of our meta-analytical model was high (I2 = 94.65%), with 39.63% of the heterogeneity due to differences between studies, 33.72% due to effect sizes, 14.76% due to species, 6.54% due to PFAS types and 0% due to phylogeny (Table S5). This very high heterogeneity provided justification for meta-regression analyses. 

3.3 Uni-moderator models
The uni-moderator meta-regression analyses indicated that longer cooking time and larger liquid / animal tissue ratio could significantly reduce the PFAS concentrations (cooking time: estimate = -0.257, CI = -0.353, -0.161), t[df = 454] = -5.266, p < 0.0001, R2 [marginal] = 0.052 ; liquid/animal tissue ratio: estimate = -0.116, CI = -0.225, -0.007), t[df = 491] = -2.087, p < 0.037, R2 [marginal] = 0.009). The other moderators did not significantly explain heterogeneity (variance) (cooking temperature: estimate = 0.012, CI = (-0.130, 0.153), t[df = 504] = 0.160, p = 0.873, R2 [marginal] = 9.564;carbon chain length: estimate = 0.013, CI = (-0.047, 0.073), t[df = 510] = 0.427, p = 0.670, R2 [marginal] <0.001; cooking category: No liquid: estimate = -0.200, CI = (-0.804, 0.405), t[df = 509] = - -0.649, p = 0.517; oil-based: estimate = -0.384, CI = (-0.960, 0.193), t[df = 509] = -1.307, p = 0.192; water-based: estimate = -0.294, CI = ( -0.867, 0.279), t[df = 509] = -1.007, p = 0.314, R2 [marginal] = 0.003 ; Figure 2; Table S6). We note that although the cooking temperature and the length of PFAS carbon chain were not statistically significant moderators, the trends were in line with our predictions (see Table 1). 

3.4 Multi-moderator models
The multi-moderator (full) model produced quantitatively similar yet qualitatively slightly different results with the oil-based & water-based cooking categories being statistically significant moderators, in addition to cooking time and liquid/tissue ratio(F[df1 = 6, df2 = 424] = 12.294, p < 0.0001; cooking category: oil-based: estimate = 1.679, CI = (0.992, 2.365) , t[df = 424] = 4.806, p < 0.0001 ; water-based: estimate = 1.962, CI = (1.195, 2.729), t[df = 424] = 5.026, p < 0.0001; cooking time: estimate = -0.372, CI = (-0.470, -0.275), t[df = 424] = -7.488, p < 0.0001; liquid/food item ratio : estimate = -0.869, CI = (-1.173, -0.565), t[df = 424] = -5.623, p < 0.0001; Figure 2). Similarly to the single-moderator models, cooking temperature and carbon chain length were not significantly related to PFAS concentrations reductions (cooking temperature: estimate = 0.013, CI = -0.179, 0.205), t[df = 424] = 0.128, p = 0.898; carbon chain length: estimate = 0.066, CI = (-0.093, 0.225), t[df = 424] = 0.820, p = 0.820). The complete output of the multi-moderator (full) model is displayed in Table S7. Notably, the full model accounted for 36% of the variation in the dataset (R2 = 0.362). Consistent with these results from the full model, the marginal means obtained from the full model revealed that overall effects became statistically significant as cooking time and the liquid/tissue ratio increased (Figure 3A & Figure 3B), while these effects did not seem to be affected very much by the cooking category (an example is shown in Figure 3C; note that a separate full model had to be run for no-liquid cooking in order to correctly estimate marginalised effects  not have the no-liquid category as effect sizes of dry cooking were treated as cooking liquid = 0 ml; also see the next section).

3.5 Sub-group analyses for different cooking categories
As with using the full dataset, the separate analysis of each cooking category data subset showed cooking time affected the magnitude of decline of PFAS concentrations (oil based: estimate = -0.379, CI = (-0.471, -0.288), t[df =258] = -8.148, p < 0.0001; water-based: estimate = -0.371, CI = (-0.684, -0.059), t[df =117] = -2.351, p = 0.020; no liquid: estimate = -0.352, CI = (-0.4664, -0.238), t[df =45] = -6.226, p < 0.0001; Figure 4A). Note that, due to the sample size limitation in the no-liquid cooking category, we were only able to test for the effects of cooking time, while cooking temperature could not be fitted for water-based cooking category (due to limited variation in water cooking temperature, around 100C). For the water-based cooking, the PFAS concentrations significantly declined as the liquid / animal tissue ratio increased (water-based: estimate = -0.653, CI = (-1.134, -0.172), t[df =117] = -2.689, p = 0.008; Figure 4B). Although showing a similar trend in oil-based cooking, the decline in PFAS concentration was not statistically significant for the effect of liquid / animal tissue ratio (oil based: estimate = -0.316, CI = (-0.672, 0.040), t[df =258] = -1.748, p < 0.082;) A similar pattern is apparent with regards to the cooking temperature: oil-based cooking shows a trend, but no statistically significant decline in PFAS concentrations with increasing temperature (oil-based: estimate = -0.016, CI = (-0.171, 0.139), t[df =258] = -0.201, p = 0.841; Figure 4C). Notably, for the oil-based category, the reduction of PFAS concentration was more pronounced for PFAS with shorter carbon chains, but this was not the case for the water-based cooking category (oil-based: estimate = 0.129, CI = (0.007, 0.251), t[df =258] = 2.074, p = 0.039; water-based: estimate = -0.048, CI = (-0.407, 0.310); t[df =117] = -0.267, p = 0.790; Figure 4D). Also, for water-based cooking, we added an additional categorical moderator on whether animal tissue was steamed or not, but there were no statistical differences in PFAS decline for these two levels (contrast = 0.158, CI = (-0.640, 0.955), t[df = 136] = 0.391, p = 0.696). The complete output of the multi-variate meta-regressions of the subgroup analysis is displayed in Table S8. 

3.6 Publication bias and sensitivity analysis 
[bookmark: _Hlk74238627][bookmark: _Hlk74236729][bookmark: _Hlk74237986]Both visual inspection and meta-regression analysis did not indicate signs of publication bias (funnel plot: Fig 5A; Egger’s regression: estimate = 0.140, CI = (-1.236, 0.957); t[df =376] = -0.250, p = 0.803; Fig 5B; Table S9). Also, we did not find a statistical support for time-lag bias (estimate = 0.082, CI = (-0.060, 0.224); t[df = 510] = 1.135, p = 0.257; Fig5C; Table S9). However, our leave-one-out analysis indicated that one study, Del Gobbo et al. (2008) seemed to have a disproportionate influence (Table S10). Our reanalyses without Del Gobbo et al. (2008), however, did not qualitatively change conclusions from the main results (Table S10).

4. Discussion
In accordance with our initial prediction, cooking had an overall tendency to reduce PFAS concentrations in seafood and freshwater fish, therefore lowering the exposure risk from blue food. However, this tendency was associated with high heterogeneity, indicating that some factors moderate the reduction of PFAS concentrations. All our supposedly influential moderators have explained variation in PFAS concentrations to a certain extent (cooking time, category, liquid / animal tissue ratio, carbon chain length of PFAS and cooking temperature). Above all, the cooking time and the ratio of liquid to cooked tissue size had the most consistent and strongest influence on moderating PFAS concentrations. Remarkably, 36% of the observed heterogeneity in our dataset was explained by a combined effect of these five moderators, each of which we now discuss in turn. 

Cooking time 
Our analysis revealed that cooking time had a significant impact on the reduction of PFAS concentrations in cooked animal tissues, as predicted (Table 1). In other words, the longer seafood and freshwater fish were cooked, the less PFAS was detected in the tissues after cooking. After 10 min of cooking, the PFAS concentration was reduced by 66%, whereas after 25 min, the concentration of PFAS was reduced by 89% (Figure 3A). This effect of cooking time was very similar across all three cooking categories (Figure 3C). Prolonged heat exposure likely leads to an increased number of protein-PFAS bonds in the tissue being disrupted, as hypothesised by Del Gobbo et al. (2008), Kim et al. (2020), Luo et al. (2019) and Sungur et al. (2018). Once PFAS is released from the protein-bonds, it can leach out of the tissue.

Cooking liquid to cooked animal tissue ratio
We found that PFAS concentrations in cooked tissues decreased as the ratio of cooking liquid to animal tissue being cooked increased. This effect was more pronounced in water-based than in oil-based cooking (Figure 4B). We are unsure what caused the difference with regards to the effect of this ratio between the two cooking methods. It is possible that the different ranges of liquid that were used for water vs. oil-based effect sizes may have altered the strength of the relationship. Alternatively, oil might indeed be a more efficient solvent for most PFAS compounds than water, and therefore the volume of oil is less relevant. Overall, 0 ml of cooking liquid per gram of food item (no-liquid cooking) was associated with 30% of decrease in PFAS concentrations, whereas at 10 and 45 ml per gram, the concentration of PFAS was reduced by 81 and 92%, respectively (in water and oil-based cooking taken together; Figure 3B). Our hypothesis was based on Hu et al. (2020), Kim et al. (2020) and Luo et al. (2019) who stated larger liquid volumes would increase the chances for the tissue to be exposed to the liquid during the cooking process. After the cooking heat disrupted the PFAS-protein bonds, the cooking liquids would act as solvents flushing PFAS out of the tissue. In line with this prediction, Taylor et al. (2019) and Hu et al. (2020) detected PFAS in water and oil after boiling and frying, respectively. However, Taylor et al (2019) and Hu et al. (2020) also noticed that the quantity of PFAS released from the tissue exceeded that detected in the cooking liquids. Hence, it is likely that in addition to the loss to cooking media, the applied heat facilitates the conversion of some of the PFAS into closely related, but not detected, chemical forms (Del Gobbo et al., 2008; Hu et al., 2020). 

Cooking temperature
Our analysis showed that cooking temperature, contrary to our expectations based on the hypothesis of Del Gobbo et al. (2008), did not have a significant impact on PFAS concentrations (Figure 2C). This lack of effect was the same across cooking categories (Figure 4C). Skipnes et al. (2008) determined the denaturation temperature of fish muscle to be between 35° to 66°C. The temperatures applied during thermal processing in the studies included in our analysis ranged from 75°C to 300°C, with a mean of 161°C. Therefore, any of the applied temperatures in our included studies would have been capable of disrupting the PFAS-protein bonds. However, the applied heat would need some time to penetrate through the tissue. Hence, our results show that it is mostly the cooking time, not the temperature, that determines the likelihood of disrupting biochemical bonds and therefore the loss in PFAS. 

PFAS carbon chain length
We found that the length of the PFAS carbon chain played an important role in the detected reduction in PFAS concentration from tissue in some instances. Based on the claim of Del Gobbo et al. (2008) and Hu et al. (2020), we predicted that long-chain PFAS are capable of forming stronger biochemical bonds with protein molecules than short-chain members of the PFAS family. Thus, we expected the bonds between proteins and short-chain PFAS to be more easily disrupted. We predicted this to happen independently of any additional factors. But our separate analysis of each cooking category revealed that carbon chain length of PFAS only mattered for oil-based cooking (Figure 4D). The reason for our finding that chain length only mattered in oily cooking media is unclear. Yet, cooking without liquid shows a similar tendency (Figure 4D), albeit not statistically significant, potentially due to the small number of relevant studies. We suggest clarifying the potential correlation between PFAS chain length and cooking without liquid in future studies. 

Cooking category
Our analysis revealed that the type of cooking category had an impact on the magnitude of changes of PFAS concentration in the tissue, but these effects highly depend on the other moderators (Figure 4). When applying the same cooking time and liquid to animal tissue ratio to all three categories, the effect on PFAS concentrations is comparatively similar across the three cooking categories (Figure 3C). However, the moderators in our included studies were not fully independent of each other. For instance, water-based cooking was usually associated with boiling water at 100°C, whereas the temperatures of the different oil-based cooking techniques were generally higher. In addition, the studies investigating water-based cooking in our analysis used a large range of water / animal tissue ratios (range: 2.500 – 45.331 ml/g; mean: 22.876 ml/g), while oil-based cooking had a slightly smaller range and lower mean (range 0.003 – 30.00 ml/g; mean: 9.83 ml/g). Thus, it would be useful to perform a study that uses deep-frying as a cooking method. This would close the gap by providing data on oil-based cooking with a long cooking time and very large oil / animal tissue ratio. Furthermore, we require more studies on steaming-based cooking. Although we did not find any statistically significant differences between steaming and other water-based cooking methods (given our limited sample size), there is a reason to believe some difference may exist between steaming and boiling. Indeed, Hu et al. (2020) stated that water steam might not flush out PFAS as efficiently as liquid water does because steaming exposes PFAS to water in its gaseous state. Overall, it is difficult to compare the different cooking categories with each other when the other moderators are not equally distributed across all categories. In practice, however, water-based cooking appears to be most efficient in reducing PFAS concentrations. At least in the included studies using traditional cooking methods, it usually has the largest liquid / animal tissue ratio and the longest cooking time applied. 

Limitations and caveats
Our study has identified two major shortfalls in the current literature, and it has also two caveats to be considered. Firstly, we set out to meta-analyse the impact of thermal processing on the PFAS concentrations of any dietary animal products. Due to lacking evidence on terrestrial animals, we ended up with a meta-analysis of changes in PFAS concentrations in animal tissues from blue food only (seafood and fish). Although a lot of research has been performed on PFAS burdens in food items from terrestrial animals (eggs: Zafeiraki et al. (2016), milk: Sznajder-Katarzyńska et al. (2019), pork: Lin et al. (2017), chicken: Chen et al. (2018)), to our knowledge, changes in PFAS concentrations due to thermal processing have not been explored in these tissues. As food ingestion is a common exposure pathway for PFAS, this is a significant knowledge gap that needs to be addressed in the future.
Secondly, we observed poor reporting standards in the majority of the included studies. Despite our attempts of contacting the authors for missing essential data, we were not able to retrieve all the required information. Main issues were: incomplete information on standard errors, scientific names of study species, cooking temperatures, liquid to animal tissue ratios, the strategies of pooling of samples, as well as the lack of raw data. After all, poor reporting standards are one of the main underlying causes for the ongoing reproducibility crises in science (Miyakawa, 2020; Munafò et al., 2017). Therefore, in the name of reproducibility, we encourage authors to lift their reporting standards, as this will significantly improve similar attempts of evidence synthesis in the future.
Our first caveat concerns the study by Del Gobbo et al. (2008). Our leave-one-out analysis has shown that the results of this study had a disproportionate influence on the overall outcome of the meta-analysis compared to the other studies. Even though our reanalysis without Del Gobbo et al. (2008) did not qualitatively change the results, this is noteworthy. Although we did not find statistical support for a time-lag bias across our included studies, Del Gobbo et al. (2008) was the very first study published on this issue. The next study followed six years later (Bhavsar et al. 2014), whereas the majority of remaining studies were published in 2019 and 2020. Therefore, a potential reason explaining the divergent results might be a change in analytic technology or procedures over the years. 
Our second caveat is the scope of our analysis, which only focused on PFAS. Most blue food items contain a large number of additional persistent organic pollutants (POPs, e.g., PCB, HCB and mirex) (Persky et al., 2001; Weber and Goerke, 2003), whose health risks and potential elimination by cooking will need to be considered in future research syntheses.

5. Conclusions and future perspectives
We eat to live, and we would do well eating in the healthiest way possible. However, many dietary items of animal origin are contaminated with PFAS (Lin et al., 2017; Sznajder-Katarzyńska et al., 2019; Zafeiraki et al., 2016). Reducing PFAS concentrations is therefore an important public health concern. In the presented analysis, we were unable to determine if thermal processing reduces PFAS in animal produce in general, because, to date, no studies have investigated PFAS changes in products from terrestrial animals. However, our analysis has shown that thermal processing is a valid approach to reduce PFAS concentrations in seafood and freshwater fish (blue food), which are among the food items most highly contaminated with PFAS (Christensen et al., 2017). This reduction can be achieved by exclusively using common kitchen items and techniques. Ideally, the consumer would choose a cooking method that involves either water or oil as cooking media. As the liquid to animal tissue ratio and the reduction of PFAS concentrations are positively related, the consumer should apply enough cooking media to completely cover the food item while cooking. By doing so, the consumer increases the contact surface between tissue and cooking media to maximise the effect of the solvent. As cooking time is also positively related to the reduction of PFAS concentrations, it is advisable to apply heat for as long as possible. Cooking media need to be discarded after cooking to avoid PFAS exposure. However, it is noteworthy that a complete elimination of PFAS from blue food through cooking is unrealistic. The required cooking time would likely render the finished product inedible. In addition, the necessarily very high ratio of cooking liquid to cooked food is beyond the ratio commonly used. 
Although many knowledge gaps still exist that we could not elucidate in this meta-analysis, we believe that our work represents a first step towards developing guidelines to reducing PFAS concentrations in blue food items through thermal processing.
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Table 2. Studies included in the meta-analysis including their ID (‘First author_year’), title, year of publication, study species, sample size (‘Before pooling’ & ‘After pooling’: some studies blended their samples into a pooled sample after thermal processing; therefore, the sample size used for PFAS measurement after pooling was often smaller), PFAS types and number of effect sizes derived from each study. Abbreviations: conc. = concentration, sign. = significant.
	
First author_year
Title
Species 
(scientific name)
No. of individuals before pooling
No. of samples after pooling
PFAS types
No. of effect sizes
Cooking categories
Brief summary of conclusions and relevant comments
Alves_2017
Preliminary assessment on the bioaccessibility of contaminants of emerging concern in raw and cooked seafood
Platichthys flesus
25
1
PFOS, PFUnDA
1
Water-based (steaming)
· PFOS & PFOA tested among other POPs
· No significant changes in PFAS


Scomber scombrus
25
1

1


Barbosa_2018
Effects of steaming on contaminants of emerging concern levels in seafood
Katsuwonus pelamis
25
1
PFUnDA, PFDoDA, PFTrA, PFTA, PFOS, PFDA, PFBA
6
Water-based (steaming)
· PFAS tested among other POPs
· Sign. increase of PFTrA, PFBA and PFDcA levels
· Sign. decrease of PFUnA, PFDoA, PFOS and PFDcA levels


Pleuronectes platessa
25
1

1




Mytilus edulis
50
1

2


Bhavsar_2014
Cooking fish is not effective in reducing exposure to perfluoroalkyl and
polyfluoroalkyl substances
Oncorhynchus tshawytscha
5
5
PFNA, PFDA, PFUnDA, PFDoDA, PFTrA,
PFTA, PFOS,
PFDS, 6:6PFPIA,
6:8PFPIA, PFHxS
30
Oil-based (frying, baking, broiling)
· PFAS focus
· Sign. increase of PFOS in most samples, apart from common carp samples after baking and frying
· Most other PFAS showed little change


Cyprinus carpio
5
5

33




Salvelinus namaycush
4
4

33




Sander vitreus
5
5

33


								
									
									
									
									
									
									
									


















First author_year
Title
Species 
(scientific name)
No. of individuals before pooling
No. of samples after pooling
PFAS types
No. of effect sizes
Cooking categories
Brief summary of results
DelGobbo_2008
Cooking decreases observed perfluorinated compound concentrations in fish
Ictalurus punctatus
19
1
PFOS, PFOA, PFNA, PFUnDA, PFDA, PFTA, PFTDoDA, PFTeDA
1
Oil-based (frying),
water-based (boiling)
· All cooking methods reduced PFAS concentrations
· Baking most effective


Epinephelus itajara
14
1

2




Lophius americanus
9
1

4




Bathypolypus arcticus
15
1

6




Lutjanus campechanus
19
1

2




Diplosoma listerianum
22
1

2




Amblyraja hyperborea
14
1

5




Larimichthys polyactis
35
1

4


Hu_2020
Cooking methods affect the intake of per- and polyfluoroalkyl substances
(PFASs) from grass carp
Ctenopharyngodon idell
5
5
PFBA, PFOA,  PFBS, PFOS,  PFHpA,  PFDoDA, PFHxS,  FOSA
32
Oil-based (grilling, frying),
water-based (boiling, steaming)
· Most PFAS levels changed 
· Tendency of increase in long-chain PFAS (e.g., PFOS) & decrease of short-chain PFAS
Kim_2020
Effect of washing, soaking, and cooking methods on perfluorinated compounds in mackerel (Scomber japonicus)
Scomber japonicus
10
1
PFOA, PFBA, PFHpA, PFDoDA, PFTrA, PFBS
24
Oil-based (grilling, frying),
water-based (braising, steaming)
· General decrease of PFAS levels
Luo_2019
Reduction of perfluorinated compound content in fish cake and swimming crab
by different cooking methods
Portunus trituberculatus
5
1
PFOA, PFOS, PFBA, PFHpA,
PFNA, PFDA,
PFUnDA, PFDoDA, PFTrA,
PFTA, PFHxS,
PFDS, FOSA
13
Water-based (boiling)
· General decrease of PFAS levels
· Increase of temperature sped up decrease of PFAS
								
					





				
									
									
									
									
									
									


	
First author_year
Title
Species 
(scientific name)
No. of individuals before pooling
No. of samples after pooling
PFAS types
No. of effect sizes
Cooking categories
Brief summary of results









Sungur_2019
A comparison of levels of perfluorooctanoic acid (PFOA) and perfluorooctane sulfonic acid (PFOS) in raw and cooked fish
Pomatomus saltator
10
1
PFOA, PFOS
24
Oil-based (frying),
No-liquid (baking),
water-based (boiling)
· General decrease of PFAS levels
· Increase of cooking time sped up decrease of PFAS


Mullus barbatus
10
1

24

· 


Salmo trutta
10
1

24

· 


Pagellus erythrinus
10
1

24

· 


Mugil cephalus
10
1

24

· 


Scomber scombrus
10
1

24

· 


Dicentrarchus labrax
10
1

24

· 


Atherina hepsetus
10
1

24

· 
Taylor_2019
Do conventional cooking methods alter concentrations of per- and polyfluoroalkyl substances (PFASs) in seafood?
Platycephalus fuscus
6
6
PFHxS, PFOS,
PFDS, FOSA,
PFHxA, PFHpA,
PFOA, PFUnDA,
PFDoDA, PFNA,
PFDA
9
Oil-based (frying), 
water-based (boiling)
· Direction of changes in PFAS conc. differed with cooking method and species
· PFHpA, PFOA and PFHxS had greater loss to water compared to PFOS


Portunus armatus
6
6

13




Metapenaeus macleayi
60
6

7


Vassiliadou_2015

Levels of perfluorinated compounds in raw and cooked Mediterranean finfish and shellfish
Engraulis encrasicolus
30
1
PFUnDA, PFDoDA, PFOS,
PFBS, PFNA,
PFDA, PFPeA,
PFOA
7
Oil-based (Frying), 
No-liquid (grilling)
· Mostly increase of PFAS conc.


Boops boops
30
1

6




Merluccius merluccius
10
1

9




Spicara smaris
30
1

2




Atherina boyeri
30
1

3




Sardina pilchardus
30
1

4




Mullus barbatus
30
1

9




Parapenaeus longirostris
40
1

8




Loligo vulgaris
40
1

8
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