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Plasticizers in the Neonatal Intensive Care Unit: A review on exposure 51 

sources and health hazards 52 

Abstract  53 

Plasticizers, used to increase the flexibility of plastic materials, can leach into the environment and the 54 

human body. Various adverse health effects are attributed to exposure to plasticizers, particularly 55 

phthalates. Premature newborns admitted to a neonatal intensive care unit (NICU) are exposed to many 56 

indwelling plastic devices containing plasticizers while in a developmentally vulnerable period. This is 57 

the first comprehensive review of its kind, providing an overview of DEHP and alternative plasticizers 58 

(APs), their sources and degree of exposure in the NICU, and the resulting health risks in (premature) 59 

infants. Despite the 2017 EU Medical Devices Regulation (2017/745), di-(2-ethylhexyl) phthalate 60 

(DEHP) is still a commonly present plasticizer in plastic medical devices in the NICU, with current 61 

labelling being insufficient to guarantee absence. Estimated NICU exposures remain elevated above the 62 

tolerable daily intake. Medical procedures leading to the highest exposure of phthalates and APs, are 63 

extracorporeal membrane oxygenation, blood transfusion, parenteral nutrition and respiratory support. 64 

As traditional matrices, such as blood and urine, are not always readily available in neonates, the 65 

accumulation of plasticizers in alternative matrices, such as hair and nails, provides an opportunity to 66 

study long-term accumulation of toxic chemicals. Impaired respiratory and neurodevelopment correlate 67 

with phthalate exposure at both biological and epidemiological levels in childhood, yet knowledge gaps 68 

about the effects in neonates prevail. Some APs provide interesting opportunities to reduce toxicity, but 69 

human data regarding health effects remain limited. Although toxicologists and regulators have 70 

addressed the problem for some time, awareness is lacking mainly among healthcare professionals.  71 

Keywords 72 

Plasticizers; medical devices; premature neonates; neonatal intensive care unit; neurodevelopment; lung 73 

development 74 
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Introduction 75 

Plasticizers are chemical compounds added to rigid plastics, such as polyvinyl chloride (PVC), 76 

to make them more flexible, softer and extend their lifetime. Phthalates are the best-known and most 77 

widespread group of plasticizers. Human exposure to these phthalates is ubiquitous and occurs from 78 

various environmental sources, including food, dust, pharmaceuticals and household products (Wallner 79 

et al., 2016). Another route of exposure is through plastic medical devices, which for a long time have 80 

been mainly plasticized with di-(2-ethylhexyl) phthalate (DEHP). Due to low cost, enhanced flexibility, 81 

elasticity and physical stability, DEHP is incorporated in many (invasive) medical devices, such as 82 

intravenous (IV) infusion sets, IV storage bags, endotracheal tubes, nasogastric tubes and blood bags 83 

(Lai & Bearer, 2008; Malarvannan et al., 2019). However, phthalates, such as DEHP, have been reported 84 

to leach from plastic products into the environment and the human body due to their lipophilic nature 85 

and noncovalent binding to PVC. Once the parent compound enters the body (see Figure 1), hydrolysis 86 

will occur, producing mono-ester metabolites (e.g., mono-(2-ethylhexyl) phthalate (MEHP) from the 87 

initial di-ester DEHP). This process is catalyzed by lipases and esterases (Bui et al., 2016; Wang et al., 88 

2019). MEHP undergoes further phase I metabolism into secondary oxidative or hydroxylated 89 

metabolites. Phase II metabolism involves the conjugation of all metabolites through glucuronidation 90 

(via UDP-glucuronyl-transferase) and enhances urinary excretion (Wang et al., 2019). 91 

Various adverse health effects have been attributed to phthalates and their metabolites, with 92 

DEHP being the most extensively studied (Zarean et al., 2016). Most phthalates are known endocrine-93 

disrupting chemicals that can interact (as agonist or antagonist) with the ligand-binding domain of 94 

different nuclear transcription factors (e.g., peroxisome proliferator-activated receptor-alpha, estrogen 95 

and progesterone receptors), exerting an effect on various target tissues (Benjamin et al., 2017). Both 96 

animal and epidemiological studies have shown strong correlations between phthalate exposure and 97 

different adverse outcomes, such as type 2 diabetes, insulin resistance, obesity, testicular toxicity, 98 

carcinogenicity and reproductive effects in men and women (Benjamin et al., 2017; Radke et al., 2019; 99 

Rowdhwal & Chen, 2018; Zarean et al., 2016). Concerning reproductive and developmental toxicity, 100 

the EU Scientific Committee on Emerging and Newly-Identified Health Risks (SCENIHR) referred to 101 
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several phthalates, including DEHP, classified as carcinogenic, mutagenic or toxic for reproduction 102 

(CMR 1B) and as endocrine disrupting chemicals (EDCs) (Testai et al., 2016). Moreover, the SCENIHR 103 

presented a tolerable daily intake (TDI) of 48 µg/kg/d for DEHP (Testai et al., 2016). In 2009, the EU 104 

prohibited the use of and banned DEHP, di-iso-butyl phthalate (DiBP) and butyl-benzyl phthalate 105 

(BBzP) in toys, childcare articles and cosmetics (EU, 2009). In May 2017, the EU adopted the Medical 106 

Devices Regulation (MDR 2017/745) (EU, 2017), declaring that CMR 1A/1B and/or EDC substances 107 

in medical devices above a concentration of 0.1 weight percent is subject to justification and labelling. 108 

A three-year transition period was established to increase compliance from manufacturers, with 109 

certificates approved before implementation being authorized for up to 3 more years. Unfortunately, due 110 

to the COVID-19 pandemic, on 23 April 2020, the MDR was postponed another year and entered 111 

application on 26 May 2021 (EU, 2020).  112 

The classification of DEHP as a reproductive toxicant and the imposed concentration limit of 113 

the MDR has forced manufacturers to ‘quickly’ search for alternatives. Different alternative plasticizers 114 

(APs) have been developed to replace DEHP (see Table 1), including di-(2-ethylhexyl) terephthalate 115 

(DEHT), tris-(2-ethylhexyl) trimellitate (TOTM), diisononyl cyclohexane-1,2-dicarboxylate (DINCH), 116 

di-(2-ethylhexyl) adipate (DEHA) and diisononyl phthalate (DINP) (Den Braver-Sewradj et al., 2020). 117 

Although novel strict regulations are currently in place and plasticizer use is constantly evolving, 118 

reference to guide manufacturers and an overview of the prevailing exposure levels to DEHP or its 119 

alternatives in the NICU are still missing. 120 

In recent decades, survival rates in the Neonatal Intensive Care Unit (NICU) have improved 121 

significantly. Nevertheless, surviving neonates are still challenged with long-term consequences, 122 

especially respiratory (Jensen & Schmidt, 2014; Jobe & Bancalari, 2001) and neurodevelopmental 123 

impairments (Fawke, 2007), which can be partially explained by early complications of prematurity. 124 

Neonatal intensive care relies on several indwelling plastic medical devices with a crucial and 125 

fundamental role in respiratory support, IV catheterization, and nutrition. Intensive and continuous 126 

exposure to these invasive medical devices, while being in a critical developmental period (Raybaud et 127 

al., 2013; Woods, 2016) with immature renal function (Gubhaju et al., 2014) and low body weight, 128 

makes premature neonates more susceptible to DEHP and APs potential toxicity (Lai & Bearer, 2008). 129 
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Appropriately, the SCENIHR claimed these premature neonates to be at risk of exposure to plasticizers 130 

(Testai et al., 2016). It is of the utmost importance that adequate information is gathered on the safety 131 

of medical devices employed in the NICU to fill the remaining knowledge gaps on exposure and health 132 

effects of plasticizers in the NICU. This review provides a comprehensive overview of DEHP and APs 133 

on the sources of exposure in the NICU, the evolution and total exposure in the NICU and the resultant 134 

health risk in (premature) infants and children (Figure 2). 135 

 136 

Review strategy 137 

An in-depth literature study was performed by means of PubMed and EMBASE databases. Initial 138 

keywords were combined to generate different key concepts, such as plasticizers (phthalates OR DEHP 139 

OR plasticizers OR “alternative plasticizers”), neonates (newborn OR “premature neonate” OR infant 140 

OR premature OR preterm), NICU (“neonatal intensive care unit” OR NICU OR “Intensive Care” OR 141 

“neonatal intensive care”), medical devices (“medical device” OR “gastric tube” OR “catheterization” 142 

OR “infusion line” OR “infusion” OR “invasive medical device” OR “respiratory support”) and health 143 

effects (“respiratory development” OR “lung development” OR “asthma” OR “neurocognitive 144 

development”). Publications from 1988 up to March 2021 were extracted. Papers were considered 145 

relevant if one of the topics studied was at least a phthalate or an alternative plasticizer. It assessed either 146 

human biomonitoring, its exposure in the NICU or its health effects in children. Out of 642 papers, 141 147 

were finally included after a detailed review. 148 

 149 

Sources of plasticizers in the NICU: Medical devices  150 

According to the manufacturers, out of 21 NICU medical devices inventoried by Van Vliet et 151 

al. (2011), 50 % were DEHP-free. However, Genay et al. (2011) found that 70% of the PVC infusion 152 

lines, labelled as “DEHP-free”, still contained a certain DEHP concentration. Moreover, Fischer 153 

Fumeaux et al. (2015) identified the sources of plasticizer exposure to DEHP in a level III NICU in 154 

Lausanne, Switzerland. Ten percent of the medical devices were labelled as containing DEHP, and 155 
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approximately 7% were labelled as DEHP-free. It should be noted that particularly devices destined for 156 

respiratory support contained DEHP (about 71%), while this group represents only 28% of all reviewed 157 

devices (Fischer Fumeaux et al., 2015). In 2016, Bourdeaux et al. (2016) tested the presence of 158 

plasticizers in 32 medical devices in a NICU. They identified that TOTM (45%) was the most frequently 159 

used plasticizer, followed by DEHP (29%), DINCH (16%), DINP (7%), acetyl tributyl citrate (ATBC; 160 

3%) and DEHA (3%). TOTM was the most prevalent plasticizer in extension lines and infusion sets, 161 

and DEHP was the major plasticizer in extracorporeal membrane oxygenation (ECMO) and blood 162 

transfusion sets. All medical devices with TOTM contained a trace of DEHT and DEHP, albeit less than 163 

0.1 mass percent. Malarvannan et al. (2019) identified the presence of plasticizers in 97 invasive plastic 164 

medical devices used in two pediatric intensive care units (PICUs). DEHP was found to be 165 

predominantly present as a plasticizer in 60 out of 97 samples (62%), even when indicated to be DEHP-166 

free. DEHP presence in the devices is a consequence of DEHP use with other plasticizers or as an 167 

impurity of TOTM technical mixture used in several devices. This contribution was higher than that of 168 

DEHA, DEHT or TOTM. 169 

Ex vivo experiments are used to estimate exposure, as the mere presence of a certain plasticizer 170 

in a medical device is not fully informative of migration to a patient. Experimental study results must 171 

be interpreted critically since extraction is defined as removing compounds under laboratory conditions, 172 

while leaching is releasing compounds from devices under clinical conditions (Cuadros-Rodriguez et 173 

al., 2020). Estimated exposures from invasive medical devices or procedures in the NICU are 174 

summarized in Table 2. 175 

 176 

Parameters influencing extraction/leaching 177 

Temperature: Loff et al. conducted their simulation experiments first at 24°C and then at 33°C, 178 

showing that a higher ambient temperature increased DEHP extraction by 28% (Loff et al., 2002; Loff 179 

et al., 2000). Several studies confirmed that DEHP release increases linearly and significantly with 180 

temperature (Bourdeaux et al., 2004),(Rose et al., 2012). DEHP extraction experiments performed at a 181 

lower temperature could underestimate neonatal exposure, since premature neonates reside most of the 182 

time in an incubator at 37°C with high humidity. 183 
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Flow rate: Bernard, Cueff, Chagnon, et al. (2015) demonstrated that the slower the infusion rate of 184 

a solution, the greater the amount of DEHP released per volume, while Kambia et al. (2003) found that 185 

leaching was higher when increasing the flow rate. IV administration rates vary from less than 1 mL/h 186 

for PN to 300 mL/h for medicinal infusions, so appropriate flow rates need to be used when estimating 187 

patient exposure. 188 

Contact time: The rate of plasticizer migration was reported to change depending on exposure time, 189 

albeit not linearly as the first hour of exposure was observed to contribute the most (Bernard, Cueff, 190 

Chagnon, et al., 2015; Bourdeaux et al., 2016). After the first hour, the release rate decreased and reached 191 

a plateau after 8 hours (Bourdeaux et al., 2016). 192 

Nature of the infused solution: Leachability increases with higher lipid content of the infused 193 

solution (Kambia et al., 2003; Loff et al., 2000; Welle et al., 2005). This is particularly important for 194 

PN consisting of both lipid and a crystalloid solution. Bagel et al. (2011) assessed the influence of the 195 

lipid type on DEHP leaching from infusion lines into PN, albeit in static conditions. After 24 h contact 196 

exposure, far higher amounts of DEHP were found in olive- (Clinoleic) and soybean-based solutions 197 

(Intralipid, Structolipid) than in coconut and cod liver (Omegaven) oil-based solutions. The effect of pH 198 

is not well documented, but based on preliminary tests, a higher release was suggested with an acidic 199 

pH (Bernard, Cueff, Chagnon, et al., 2015). 200 

Plasticizer's intrinsic migration potential: After 24 hours of immersion of samples cut from infusion 201 

lines in an ethanol/water simulant at 40°C, DEHP and DINCH were extracted similarly, but 3 to 20 202 

times more than DEHT and TOTM (Bernard, Cueff, Breysse, et al., 2015), respectively. Other studies 203 

showed the migration ability of TOTM to be more than 100 times lower than that of DEHA (Bourdeaux 204 

et al., 2016) and over 200-fold lower than that of DEHP (Münch et al., 2018). Welle et al. (2005) 205 

confirmed considerably lower migration of DINCH and TOTM from PVC tubes into enteral feeding 206 

solutions compared to DEHP, while ATBC showed by far the highest migration. Marcilla et al. (2004) 207 

demonstrated an inversive correlation between molecular weight (MW) and migration capacity within 208 

plasticizer classes. Irrespective of MW, they confirmed the higher migration capacity of citrates (e.g., 209 

ATBC) than phthalates (e.g., DEHP) (Marcilla et al., 2004). 210 
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Coating of the contact surface: The coating of the inner surface of infusion lines has been 211 

hypothesized to reduce plasticizer leaching, but it does not prevent DEHP extraction in lipid emulsions 212 

(Loff et al., 2004). The latter is also confirmed by a study from Bourdeaux et al. (2004) that reported 213 

multilayer infusion tubing as an inefficient barrier to DEHP diffusion from its outer PVC layers. The 214 

results of Münch et al. (2018) even indicate that phospholipid coating rather enhances the migration of 215 

plasticizers from PVC tubing into streaming blood. 216 

Infusion bags containing solutions also need to be considered. Haned et al. (2018) determined the 217 

migration potential of plasticizers from PVC/DEHP infusion bags. It was determined that outdated loads 218 

massively increased plasticizer migration, with a 3-year shelf life increasing DEHP levels 10 times. 219 

In-line filters (0.2 µm for nonlipid and 1.2 µm for lipid solutions) are currently used in infusion 220 

circuits to prevent air and particles from entering the systemic circulation (Foster et al., 2015). Still, 221 

their effect on plasticizer leaching has not been assessed yet. 222 

 223 

Intravenous exposure 224 

Parenteral nutrition 225 

Dynamic models are used to simulate solutions running through plastic infusion circuits. Exposure 226 

of plasticizers to parenteral nutrition (PN) can be calculated by multiplying the plasticizer concentration 227 

in the infused solution by the total administered volume in one day. Loff et al. (2000) analyzed DEHP 228 

concentrations in lipid emulsions before and after infusion through NICU infusion lines. They calculated 229 

that neonates receiving PN are exposed to up to 10 mg/kg/d of DEHP, 200 times higher than the TDI. 230 

In 2017, Faessler et al. (2017) showed that leaching of DEHP from DEHP-plasticized lines into lipid 231 

emulsions reached up to 1000 µg/kg/d, still 20 times higher than the TDI. 232 

 233 

Blood products 234 

Although administered IV, blood products deserve a distinctive discussion. The MDR 235 

2007/47/EC of the European Parliament does not apply to blood bank services, while it does apply to 236 

empty blood bags, since the use of DEHP has some benefits in storing red blood cells (Sampson & de 237 
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Korte, 2011). According to the Scientific Committee on Health, Environmental and Emerging Risks 238 

(SCHEER) (Marschner, 2019), DEHP increases the membrane stability of red blood cells (RBCs) and 239 

helps prevent hemolysis by leaching from blood bag systems into blood products and intercalating into 240 

their lipid layer. Alternative blood bags should thus preserve adequate storage time to avoid waste and 241 

to provide sufficient stock at all times. DINCH (in 2015) and DEHT (in 2020) were proposed as 242 

promising candidates to replace DEHP in blood product collection and storage but are still not widely 243 

used in practice. PVC blood bags plasticized with DINCH significantly outperformed DEHP bags, with 244 

better adenosine triphosphate (ATP) levels, until the maximum shelf life of 43 days (Lagerberg et al., 245 

2015; Serrano et al., 2016). Recently, Larsson et al. (2020) compared PVC-DEHT to PVC-DEHP blood 246 

bags, with DEHT providing adequate blood component quality for the entire storage time. 247 

The contribution of blood products to DEHP exposure should be interpreted with caution. 248 

Firstly, DEHP continues to leach from blood bags into blood products during storage, making the DEHP 249 

content highly dependent on the shelf life of the blood product (Rael et al., 2009; Sampson & de Korte, 250 

2011). Sampson and de Korte (2011) showed that transfusion of fresh (< 24 hours old) red blood cell 251 

concentrate (RBCC) exposes a patient to 164 µg of DEHP per unit (20 mL), while the use of RBCC 252 

stored for 35 days increases DEHP exposure to almost 500 µg per transfusion. Secondly, up to 30% of 253 

DEHP can be bound to RBCs, yet most studies only analyze the fluid fraction (Rael et al., 2009; 254 

Sampson & de Korte, 2011) and underestimate real exposure. Lastly, not all studies consider the 255 

involvement of the plastic infusion circuit used for administrating the blood products, while DEHP 256 

remains the predominant plasticizer in these blood transfusion sets, although currently changing 257 

(Bourdeaux et al., 2016).  258 

 259 

Extracorporeal Membrane Oxygenation (ECMO) and cardiopulmonary bypass (CPB) 260 

Historically, DEHP exposure of infants receiving ECMO has been calculated to be extremely 261 

high. Shneider et al. (1989) and Karle et al. (1997) calculated DEHP cumulative exposure over 3-10 262 

days in a 4 kg infant, respectively 42-140 mg/kg and 10-35 mg/kg. In 2016, Eckert et al. (2016) also 263 

assessed the migration of DEHP from a PVC circuit into sheep blood. They calculated an estimated 264 

daily intake for 2-6 hours cardiopulmonary bypass (CPB) to be 1-2 mg/kg, based on 400 mL blood 265 
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volume for a 5 kg infant. Strikingly, ex vivo treatments of 24 h and more (ECMO) showed that the TDI 266 

could be exceeded by 390-fold (Münch et al., 2018). Eckert et al. (2020) showed that infant cardiac 267 

surgery using DEHP-free CPB tubing and blood products stored in DEHP plasticized blood bags 268 

resulted in a median exposure of 670 µg/kg, exceeding the TDI 6-25 times. 269 

 270 

Enteral nutrition 271 

Subotic et al. (2007) analyzed the extraction of DEHP from PVC nasogastric tubes (NGTs) by 272 

immersing 5 cm pieces at 37°C in either gastric juice (collected in the PICU) or typical feeding solutions. 273 

Remarkably, the extraction of DEHP into gastric juice was significantly higher than that in feeding 274 

solution. Mean daily DEHP exposure over 4 weeks was estimated to be 38 µg/d for feeding solutions 275 

and 121 µg/d for gastric juice (Subotic et al., 2007). Takatori et al. (2008) estimated exposure from 276 

enteral nutrition in the NICU by irrigating an orogastric tube with commercially available food 277 

administered 7 times per day. Worst-case daily exposure to DEHP was calculated to be 148 µg/kg/d, 278 

based on a daily nutrition volume of 392 mL, a bodyweight of 3 kg and a DEHP concentration after 279 

perfusion of 1130 ng/mL (Takatori et al., 2008). Welle et al. (2005) estimated DEHP exposure from 280 

enteral nutrition via PVC tubes to be 726 µg/kg/d for a 2 kg neonate, while using DINCH-plasticized 281 

tubes resulted in 94 µg/kg/d DINCH. 282 

 283 

Respiratory support 284 

In 1988, Roth et al. (1988) indicated DEHP leaching from PVC respiratory tubing systems by 285 

analyzing the condensate collected from water traps in inspiratory- and expiratory tubes of premature 286 

neonates ventilated via an endotracheal tube (ETT), and found DEHP concentrations reaching up to 287 

4100 µg/mL. A decade later, Latini and Avery (1999) compared clinically used and virgin ETTs and 288 

observed a 6-12% DEHP loss in previously used tubes. The effective discharge of DEHP from these 289 

tubes was proclaimed to occur almost entirely within the first 24 hours of application (Chiellini et al., 290 

2011). Another study executed by Morton et al. (2013) quantified the exact phthalate extraction by 291 

immersing ETTs in ultrapure water and reported an increase in DEHP concentration from 6.7 to 149 292 
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µg/L over 5 days. Importantly, it should be kept in mind that in vivo concentrations might be even 293 

higher, as plasticizer release is affected by several additional factors, which occur after endotracheal 294 

intubation, including airflow, temperature and pH.  295 

Recently, Bouattour et al. (2020) developed an ex vivo model simulating support via a PVC 296 

oxygen cannula. Specific cartridges were designed to capture air samples before and after the ventilation 297 

circuit to assess the DEHP concentration in these samples. The operator settings included a temperature 298 

of 23°C, a flow rate of 2-4 L/min and a duration of 6 days. Concentrations were the highest in samples 299 

taken on day 1 of simulation. Inhalation of DEHP was estimated to be 10.6 µg/d (Bouattour et al., 2020). 300 

Other parameters than humidity and flow rate (2 L/min), such as temperature, air composition and 301 

oxygen content, were not studied. Moreover, oxygen therapy via an oxygen cannula does not accurately 302 

represent the most invasive and non-invasive respiratory equipment used in a NICU (Wheeler & 303 

Smallwood, 2020). 304 

 305 

Despite changing regulations, DEHP is still present in neonatal intensive care medical devices, 306 

and labelling is insufficient to guarantee its absence (Fischer Fumeaux et al., 2015; Malarvannan et al., 307 

2019). TOTM, the predominant alternative plasticizer used in medical devices, has a low migration 308 

potential (Bourdeaux et al., 2016; Kambia et al., 2001; Münch et al., 2018), but its use involves the risk 309 

of DEHP impurity (Bourdeaux et al., 2016; Genay et al., 2011; Gimeno et al., 2014; Welle et al., 2005). 310 

TOTM and other frequently used alternatives as DEHT and DINP are not subject to labelling (EU, 311 

2008). Leaching experiments showed that medical devices expose premature neonates in the NICU to 312 

high levels of DEHP. ECMO (Eckert et al., 2016; Münch et al., 2018), blood transfusion (Bourdeaux et 313 

al., 2016; Sampson & de Korte, 2011) and PN (Faessler et al., 2017) are estimated to exceed the TDI 314 

the most. Exposure from (non-) invasive respiratory support equipment remains challenging to quantify 315 

(Bouattour et al., 2020). Given that different clinical parameters influence leaching, care needs to be 316 

taken to match experimental conditions to the clinical situation as much as possible. 317 

 318 
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Assessment of NICU exposure to plasticizers using biomonitoring 319 

The estimated daily intake of plasticizers based on solely ex vivo experiments have several 320 

limitations. Firstly, caring for a premature neonate in the NICU usually means using multiple medical 321 

devices or procedures simultaneously rather than only one device mimicked in an ex vivo analysis. 322 

Moreover, a “single procedure” may also encompass several devices, exemplified by different serial 323 

infusion lines for PN administration. Altogether, this may lead to an underestimation of real in vivo 324 

exposure. 325 

 326 

Current and future biomonitoring strategies in neonates 327 

To quantify whole-body exposure, plasticizers’ metabolites are used as biomarkers instead of 328 

their parent compounds. These metabolites can be measured in different human matrices (Wang et al., 329 

2019), such as urine, hair and nails. 330 

Urine enables a fast screening, is easy to sample and remains relatively stable in time. As such, 331 

urine is the matrix of choice to study exposure in the NICU (Alves, Covaci, et al., 2016; Koch et al., 332 

2017). All phthalate metabolites have been quantified in neonatal urine and could be compared against 333 

a reference dose obtained from biomonitoring studies in general populations ((CDC), 2019). 334 

Concentrations of these urinary phthalate metabolites can be used to estimate daily exposure to their 335 

parent compound when other parameters, like the fractional urinary excretion factor (FUE), creatinine 336 

clearance and molar weights of the metabolite and parent compound, are taken into account (Koch et 337 

al., 2003). Unfortunately, the use of urine samples has several drawbacks since urinary concentrations 338 

are highly dependent on urinary dilution and should be adjusted for creatinine content or specific gravity 339 

(Gaynor et al., 2019; Pearson et al., 2009). It is important to note that urinary creatinine concentrations 340 

in neonates are highly dependent on gestational age, postnatal age and body weight (Rios et al., 2021). 341 

Additionally, only recent exposure can be reflected accurately in urine biomarkers due to a urinary 342 

elimination half-life of 6-12 h (Alves, Covaci, et al., 2016). On the other hand, the half-life in premature 343 

infants is presumably longer than in adults due to the immature liver and kidney function, characterized 344 

by immature glucuronidation and a low glomerular filtration (Gubhaju et al., 2014). 345 
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Plasma samples have also been used to screen for exposure biomarkers of (alternative) 346 

plasticizers (Been et al., 2019). High plasma levels (sometimes exceeding one µM) of DEHP metabolites 347 

found in adults (Huygh et al., 2015) and children (Verstraete et al., 2016) hospitalized in the ICU are 348 

proof of high and continuous levels of plasticizer exposure during a period with intensive plastic medical 349 

device use while being undetectable in plasma of healthy controls (Verstraete et al., 2016). It is tentative 350 

to speculate that high plasma levels of DEHP metabolites and/or APs can be detected in neonates. 351 

Obtaining plasma to monitor exposure to plasticizers might be associated with some constraints, one of 352 

them being hydrolytic enzymes, ubiquitous in blood, which can rapidly hydrolyze parent compounds 353 

into primary metabolites and artificially elevate their levels ex vivo (Calafat et al., 2013). Much lower 354 

levels in blood compared to urine increase the risk of contamination that can obscure true exposure 355 

(Calafat et al., 2013). Furthermore, the half-life in plasma is even shorter than in urine (Verstraete et al., 356 

2016). 357 

Given the difficulties of obtaining plasma in neonates and the drawbacks in the detection method 358 

and interpretation, we can speculate that alternative matrices (including scalp hair and nails) will soon 359 

be available to monitor exposure to plasticizers in neonates. We hope and anticipate that the advantages 360 

and availability of these alternative matrices will initiate further discussion/debate on this topic in the 361 

future.  362 

Scalp hair is well known for the assessment of drug (ab)use. Sampling is noninvasive and easy 363 

to collect and store. Chemicals are considered to be incorporated in hair via passive diffusion during the 364 

anagen growing phase (Kirschbaum et al., 2009), characterized by increased metabolic activity and cell 365 

division (Paus et al., 2014). This alternative matrix reflects short- and long-term exposure. Scalp hair 366 

starts growing during the 3rd trimester of pregnancy and can be tested until three months after birth, 367 

providing a broad detection window. In 2019, phthalate and AP metabolites were measured in hair to 368 

monitor human exposure (Yin et al., 2019). A disadvantage with this type of detection method is the 369 

absence of epidemiological studies as a reference. 370 

Nails could also be a valuable alternative noninvasive matrix for estimating long-term human 371 

exposure to DEHP and other phthalates. Phthalate metabolites have been quantified in nail samples, yet 372 
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metabolization characteristics and factors influencing migration from blood or different body 373 

compartments into nails require further investigation (Alves, Koppen, et al., 2016). 374 

Meconium, amniotic fluid and breast milk: Detection of metabolites in meconium has been 375 

suggested for measuring in utero exposure to phthalates (Arbuckle et al., 2016; Guo et al., 2020). 376 

Advantages are that its collection is non-invasive, and that meconium accumulates from the 12th week, 377 

representing cumulative exposure throughout pregnancy. Urine samples should be analyzed 378 

simultaneously to correct for urinary contamination. DEHP metabolites were also determined in 379 

amniotic fluid of pregnant women undergoing amniocentesis (Katsikantami et al., 2020). Still, since 380 

both amniotic fluid and meconium reflect prenatal exposure, they are of limited value to assess exposure 381 

in the NICU. Some studies have reported phthalate metabolites in breast milk (An et al., 2020; Arbuckle 382 

et al., 2016). However, there is no information about the half-life of metabolites in this matrix, and 383 

esterases in milk could hydrolyze diesters to primary metabolites (Arbuckle et al., 2016; Katsikantami 384 

et al., 2020). 385 

   386 

Total NICU exposure assessed by biomonitoring 387 

Table 3 summarizes all studies, from 2000 until 2020, assessing NICU exposure to plasticizers 388 

based on urinary concentrations of their metabolites. The latter was achieved by collecting urine via a 389 

cotton gauze placed in the infants' diapers. 390 

 391 

Calafat et al. (2004) prospectively collected urine samples from premature neonates born at less 392 

than 26 weeks gestational age (GA) and determined urinary concentrations of both primary (MEHP) 393 

and secondary, mono-(2-ethyl-5-hydroxyhexyl) phthalate (MEHHP) and mono-(2-ethyl-5-oxohexyl) 394 

phthalate (MEOHP), metabolites. Median urinary concentrations of the secondary metabolites, the most 395 

valuable biomarkers immune to external contamination, were several folds higher than in the general 396 

population ((CDC), 2019; Frederiksen et al., 2020). In another level III NICU, they analyzed neonatal 397 

urine samples and registered DEHP-exposure categories based on treatment with (invasive) medical 398 

devices for three days before urine sampling (Calafat et al., 2009; Green et al., 2005; Weuve et al., 399 

2006). The intensity of DEHP-containing product use was linearly correlated with urinary levels of all 400 
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metabolites. Based on the formula defined by Koch et al. (2003), which used the urinary concentrations 401 

of MEHHP and MEOHP with an assumed creatinine clearance rate of 9.8 mg/kg/d, an estimated daily 402 

intake (EDI) of 352 µg/kg/d DEHP was calculated in the highest exposure group (Weuve et al., 2006). 403 

Additionally, Koch et al. (2006) determined MECCP and MMCHP as two extra secondary metabolites 404 

since they are expected to reflect a broader window of exposure. The mean and maximum EDI of DEHP 405 

were 42 and 2300 µg/kg/d, respectively (Koch et al., 2006). EDI calculations need to be interpreted 406 

cautiously since urinary excretion fractions of metabolites are derived from adult studies, and average 407 

creatinine excretion is often used instead of individual concentrations. In addition, immature metabolism 408 

and glucuronidation pathways should be considered as they may also lead to underestimating exposure 409 

levels. 410 

A Taiwanese study took urine samples weekly from premature and term (control) neonates (Su 411 

et al., 2012). Median levels of DEHP-metabolites were significantly higher in neonates treated with an 412 

endotracheal or a gastric tub. In contrast, concentrations of DEHP-metabolites were substantially lower 413 

in samples from control neonates. Frederiksen et al. (2014) compared concentrations of different 414 

phthalate metabolites in urine samples from full-term and preterm Finnish infants in the neonatal period 415 

and consecutive infant period. The concentration of DEHP metabolites were 50 times higher in preterm 416 

infants than in full-term infants after already one week. Children with relatively high exposure to at least 417 

one phthalate were also highly exposed to other phthalates, and as a result, may exceed the ‘safe 418 

thresholds’ even more. Remarkably, the relative proportion of carboxylated metabolites decreased and 419 

that of oxidized metabolites, on the other hand, increased by postmenstrual age, defined as the sum of 420 

gestational age and postnatal age (Frederiksen et al., 2014). As such, the influence of prematurity on 421 

metabolization patterns needs to be kept in mind, even though information about a potential protective 422 

or harmful effect is still missing. Finally, birth weight might be of importance since concentrations of 423 

both primary and secondary phthalate metabolites (e.g., MEHHP) were significantly higher in the first 424 

urine samples of extremely low birth weight (ELBW, < 1000 g) neonates relative to those in very low 425 

birth weight (VLBW, 1000-1500 g) neonates (Demirel et al., 2016). 426 

In 2016, Strommen et al. (2016) measured phthalate metabolites in urine samples from VLBW 427 

infants. Significantly higher phthalate metabolites were found in infants with lower birth weight, late-428 
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onset sepsis or bronchopulmonary dysplasia (BPD). In addition, there was a significant positive 429 

correlation between duration of respiratory support (invasive and noninvasive) and urinary 430 

concentration of DEHP metabolites.  The NICU-HEALTH, a prospective project set up by Stroustrup 431 

et al. (Stroustrup, Bragg, Andra, et al., 2018; Stroustrup, Bragg, Busgang, et al., 2018) in a level III 432 

NICU in New York, collects urine samples and assesses medical equipment exposure in premature 433 

neonates with birth weight less than 1500 g. Phase I of this study confirmed that exposure to more 434 

invasive medical equipment and respiratory support equipment are still associated with higher urinary 435 

concentrations of DEHP metabolites. In 2019, Jenkins et al. (2019) detected an association between 436 

urinary DEHP metabolites and prior use of IV lines and respiratory support equipment labelled 437 

containing DEHP. A more extensive IV and respiratory DEHP exposure in hypertensive patients also 438 

noted an association between increased blood pressure and postnatal DEHP exposure. Gaynor et al. 439 

(2019) showed that in neonates undergoing cardiac surgery, concentrations of urinary DEHP 440 

metabolites rose significantly postoperatively, rising 100 times higher than the reference levels.  441 

The ARMED project by Pinguet et al. (2019) was the first to add urinary metabolites of APs to 442 

DEHP metabolites in NICU-admitted newborns. DEHP metabolite concentrations were consistent with 443 

other NICU studies assessed between 2010 and 2020 (see Table 3). Secondary metabolites were the 444 

major metabolites, and MEHP the minor metabolite. Pinguet et al. (2019) also observed a decrease 445 

compared to Calafat et al. (2004). DEHP metabolites were 100- to 2000-fold more concentrated than 446 

alternative plasticizer’ metabolites. 447 

 448 

Up to this date, urine is the sole matrix studied for plasticizer exposure in the NICU. Scalp hair 449 

and plasma are promising alternative matrices to assess long term accumulation and recent short time 450 

exposure, respectively, though reference values are still largely missing. Although decreasing over the 451 

previous two decades, urinary phthalate metabolite concentrations of neonates being cared for in the 452 

NICU are still several folds higher than in the general population and the TDI. Except for Pinguet et al. 453 

(2019), no clinical studies analyzed metabolites of APs in neonatal samples. Lower birth weight and 454 

lower gestational age (markers of prematurity) are related to higher phthalate metabolites, explained by 455 

increased use of plastic devices. Intensity of DEHP-containing medical product use is linearly associated 456 
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with urinary levels of all DEHP metabolites (Calafat et al., 2009; Green et al., 2005; Weuve et al., 2006). 457 

Exposure to (invasive and noninvasive) respiratory support is significantly positively correlated with 458 

higher urinary concentrations of DEHP metabolites (Strommen et al., 2016; Stroustrup, Bragg, Andra, 459 

et al., 2018; Stroustrup, Bragg, Busgang, et al., 2018; Su et al., 2012). Other important sources are IV 460 

lines used for PN, gastric tubes and cardiac surgery. 461 

 462 

Health effects of plasticizers on (premature) infant development 463 

The reproductive and endocrine-disrupting toxicity of phthalate exposure has been well 464 

documented (Benjamin et al., 2017; Radke et al., 2019; Rowdhwal & Chen, 2018; Zarean et al., 2016). 465 

Still, much less is known about its effects on lung and brain development, the two typical long-term 466 

challenges for premature neonates. 467 

 468 

Phthalates and respiratory development 469 

Experimental studies in in vitro models and in vivo animal models indicate some mechanisms 470 

of action presenting adverse effects of phthalates on respiratory development in neonates. On a 471 

subcellular level, DEHP and its metabolites showed to alter the activation of airway epithelial cell 472 

peroxisome proliferator-activated receptor (PPAR) (Casals-Casas et al., 2008; Manteiga & Lee, 2017; 473 

Wu et al., 2011), which is essential for normal lung structure and function (Simon et al., 2006). In 474 

rodents, phthalates in the form of dust or vapours were reported to lead to airway inflammation (Alfardan 475 

et al., 2018) and airway hyperresponsiveness (Guo et al., 2012), aggravated by oxidative-stress-476 

mediated pathways (Zhou et al., 2020). Observational studies showed a strong positive association 477 

between prenatal or early childhood DEHP exposure and later asthma development, confirmed by two 478 

recent systematic reviews and meta-analyses (Li et al., 2017; Wu et al., 2020). 479 

Interestingly, DEHP can also modify lung parenchyma both at structural and functional levels. 480 

Perinatal DEHP exposure in rats leads to changes in lung alveolar development, characterized by a 481 

decreased number of parenchymal airspaces, decreased alveolar septation, reduced gas exchange surface 482 

and increased collagen deposition (Atia & Abdel-Gawad, 2019; Camacho et al., 2020; Chen et al., 2010; 483 
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Guo et al., 2012; Liang et al., 2018; Magliozzi et al., 2003; Rosicarelli & Stefanini, 2009). Since these 484 

alterations are similar to the pathology observed in infants with BPD (Bancalari & Jain, 2019), different 485 

authors hypothesized that DEHP exposure could exacerbate BPD in the NICU (Atia & Abdel-Gawad, 486 

2019; Camacho et al., 2020; Liang et al., 2018; Magliozzi et al., 2003; Rosicarelli & Stefanini, 2009). 487 

DEHP exposed rat pups showed a delayed differentiation of type II pneumocytes into flat 488 

epithelial type I pneumocytes (Magliozzi et al., 2003; Rosicarelli & Stefanini, 2009). However, the 489 

morphology of type II pneumocytes was also altered, with a decreased amount of lung surfactant (Atia 490 

& Abdel-Gawad, 2019; Rafael-Vazquez et al., 2018). Resulting in a reduced gas exchange area and 491 

inadequate surfactant production, perinatal DEHP exposure might aggravate neonatal respiratory 492 

distress syndrome (RDS), an important cause of morbidity and mortality in premature neonates (Yadav 493 

et al., 2021).  494 

 495 

Phthalates and neurodevelopment 496 

Proposed mechanisms in how perinatal phthalate exposure affects neurodevelopment include 497 

androgen-dependent brain differentiation, impact on neurotransmitter systems, and inference with 498 

myelination and neurogenesis processes (Engel et al., 2021; Lee et al., 2018). Boys are expected to be 499 

more vulnerable to phthalate exposure than girls since phthalates act as androgen receptor antagonists 500 

(Berghuis et al., 2015). Similarly, DEHP exposure negatively impacted hippocampal development in 501 

males but not in female rats (Smith et al., 2011). Postnatally DEHP-exposed mice showed a reduction 502 

in neural progenitor cell proliferation and differentiation in the dentate gyrus (Komada et al., 2020), an 503 

essential structure within the hippocampus, critical in consolidating information from short- to long-504 

term memory. Moreover, additional studies in rodents also showed prenatal DEHP exposure to influence 505 

the cortical regions by reducing the neocortical proliferation and neurogenesis (Komada et al., 2016), 506 

resulting in a reduction in neuron and synapse numbers and reduced size of the prefrontal cortex 507 

(Kougias et al., 2018). 508 

Multiple birth cohort studies combining maternal urine during gestation and longitudinal 509 

follow-up data showed a connection between urine phthalate metabolite levels and autism spectrum 510 

disorder (Jeddi et al., 2016; Schug et al., 2015), and attention deficit hyperactivity disorder in their 511 
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children (Ejaredar et al., 2015; Engel et al., 2021; Ponsonby et al., 2020; Schug et al., 2015). Maternal 512 

urinary DEHP metabolites were associated with higher delinquent behavior and externalizing problem 513 

scores in adolescence (Huang et al., 2019). Further, there is a significant association between prenatal 514 

DEHP exposure, diminished psychomotor function (Lee et al., 2018) and reduced communication skills 515 

(Ejaredar et al., 2015) during childhood. In addition to impaired behavioral development, different birth 516 

cohorts showed that prenatal phthalate exposure is associated with adverse cognitive outcomes in 517 

offspring (Dzwilewski et al., 2021; Ejaredar et al., 2015; Zhang et al., 2019), more pronounced in male 518 

infants (Merced-Nieves et al., 2021). A systematic review by Radke et al. (2020) observed that the 519 

results among the different epidemiological studies are not entirely consistent, mainly when focusing 520 

on cognitive development. The latter could be explained by the exposure effects of phthalate mixtures 521 

(and the temporal changes in the contribution of specific phthalates), periods of increased susceptibility 522 

(late pregnancy, early infancy, adolescence) and sex-specific effects (Engel et al., 2021; Radke et al., 523 

2020). Sex-specific effects were not only identified on cognitive development, but an impact is also 524 

observed on psychomotor and behavioral development in boys (Zhang et al., 2019). 525 

In children treated in the pediatric intensive care unit (PICU), plasma levels of DEHP 526 

metabolites were independently and robustly associated with vital attention deficit four years after 527 

critical illness (Verstraete et al., 2016). Stroustrup, Bragg, Andra, et al. (2018) implemented the NICU 528 

Network Neurobehavioral Scale before discharging premature newborns (birth weight <1500 g) and 529 

discovered a positive association between NICU-based exposure to phthalate mixtures and improved 530 

attention and social response. This suggests that the impact of phthalate exposure on neurodevelopment 531 

in neonates may follow a non-linear trajectory and could potentially even accelerate specific neural 532 

networks' development. 533 

 534 

Health effects of alternative plasticizers 535 

Alternative plasticizers have been used for over a decade, but data regarding human exposure 536 

and health effects are limited (Bui et al., 2016). After in vitro toxicity screening of chemically engineered 537 

alternatives, acute toxicity in vivo studies have been used to identify presumably safer plasticizers 538 

(Albert et al., 2018). Alternative plasticizer use in medical devices is constantly evolving as there is no 539 



23 

 

reference to guide manufacturers in the choice and amount to be integrated into their products (Bernard 540 

et al., 2014). 541 

DEHT is a structural isomer to DEHP, with the para- compared to orthoposition of the benzene-542 

group assumed to allow DEHT for complete metabolism and therefore a less toxic profile (Wirnitzer et 543 

al., 2011). Nevertheless, Kambia et al. (2019) observed hormonal activities of DEHT-derived 544 

metabolites, by stimulating human estrogen and androgen receptors. DINCH was developed as a non-545 

aromatic analogue of DINP and has been evaluated to preserve whole blood (David et al., 2015). DEHA 546 

is a liquid of low volatility, usually blended with other plasticizers, mostly used in devices for 547 

hemodialysis and transfusion (Bernard et al., 2014). TOTM and ATBC are expected to result in less 548 

toxicity due to their metabolic breakdown. TOTM shows weaker hepatotoxicity than DEHP due to its 549 

slow metabolic transformation capacity, with a low urinary excretion rate (Hollerer et al., 2018) and up 550 

to 75% of the oral dose eliminated in the feces, primarily as an unchanged parent compound (Bernard 551 

et al., 2014). Despite its rapid absorption and excretion, ATBC is still a concern due to its high intrinsic 552 

migration potential (Bernard et al., 2014). 553 

 554 

A limited number of risk assessment reports are available. Table 4 summarizes the critical 555 

endpoints of the most common APs by introducing the no observed adverse effect levels of (NOAELs) 556 

each compound derived from rat models, published by SCENIHR (Testai et al., 2016) and the Danish 557 

Environmental Protection Agency (EPA, 2014). Derived no-effect levels (DNEL) are used as a TDI 558 

substitute for the general population. 559 

Even when assuming similar leaching rates, the margin of safety associated with the critical 560 

toxicity outcome of APs exceeds that of DEHP from 3 (DINP) up to 8 (DINCH, DEHA) and even more 561 

than 20 (TOTM, DEHT, ATBC) times (Testai et al., 2016). However, TOTM, DINCH and DEHT are 562 

poorly absorbed after oral administration explaining at least in part the relatively low toxicity observed 563 

in oral toxicity studies (Testai et al., 2016). Therefore, repeat dose toxicity studies after IV exposure are 564 

more relevant for the parenteral route of exposure leaching from medical devices (meaning 100% 565 

bioavailability). As shown in Table 4, studies assessing toxicity after IV exposure (Cammack et al., 566 

2003; David et al., 2015; Wirnitzer et al., 2011; Xu et al., 2019) show that the safety margin of APs 567 
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exceeds that of DEHP less than after oral exposure, DEHT 6 compared to more than 20 times, and 568 

DINCH 5 compared to 8 times. Despite being used in different medical devices used for infusion and 569 

transfusion, the toxicity of DINP, DEHA and ATBC has not been assessed after IV exposure. 570 

Unfortunately, data gaps remain regarding non-standard toxicological endpoints (Bui et al., 571 

2016), no studies were found on human health effects of these APs. 572 

 573 

Effects of cumulative exposure 574 

Even though different phthalates show to be associated with children’s adverse health outcomes, 575 

few studies examined the effect of mixtures of these compounds. Since NICU neonates are 576 

simultaneously exposed to different plastic medical devices or procedures, the possible risk of 577 

cumulative exposure to multiple plasticizers is important to be considered. Exposure to a mixture of 578 

contaminants may be associated with adverse health endpoints, even though associations are not found 579 

with exposure levels of individual compounds below regulatory doses (Stroustrup et al., 2019). 580 

Cumulative risk to different phthalates and APs can be assessed by estimating a hazard index 581 

(HI), defined as the sum of multiple hazard quotients (HQ), i.e. the ratio of (estimated) exposure over 582 

the reference dose (TDI or NOAEL), derived from exposure to different compounds (Frederiksen et al., 583 

2014). Concerning non-classic toxicological endpoints, traditional methods (e.g., ordinary or logistic 584 

regression) for effect assessment of environmental mixtures on health outcomes induce analytical 585 

difficulties when correlations occur between different chemicals within (phthalates) or between 586 

(phthalates and APs) classes of contaminants (Carrico et al., 2015; Stroustrup et al., 2019). However, 587 

Weighted Quantile Sum (WQS) regression offers a statistical strategy for objective consideration of 588 

multiple concurrent exposures by empirical construction of weighted indices as an estimation of the 589 

mixture exposure and can be used in regression models (Adgent et al., 2020; Carrico et al., 2015; 590 

Stroustrup et al., 2019). 591 

 592 

Experimental and human epidemiological studies show that impaired respiratory development 593 

might be an adverse health outcome associated with perinatal phthalate exposure. To date, no studies 594 
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have assessed the association between phthalate exposure in the NICU and respiratory function in later 595 

life. For impaired neurodevelopment, studies of perinatal phthalate exposure in animal models are 596 

generally consistent with birth cohort studies, pointing at internalizing and externalizing behaviors, 597 

attention deficit, cognitive and psychomotor impairments as the most observed effects. The long-term 598 

neurodevelopmental impact of iatrogenic exposure to phthalates during NICU remains largely unknown. 599 

The health risk of APs measured on classical toxicological endpoints is less critical than DEHP. Still, 600 

no clinical endpoints have been studied because of insufficient human exposure data. 601 

 602 

The NICU population is at high risk for exposure to plasticizers 603 

In recent decades, despite evolving regulation, overall urinary DEHP metabolites have 604 

decreased but remain elevated above the TDI (Pinguet et al., 2019), especially in the extremely 605 

premature group (Frederiksen et al., 2014). 606 

Medical procedures leading to the highest exposure are ECMO (Eckert et al., 2016; Münch et 607 

al., 2018), blood transfusion (Bourdeaux et al., 2016; Sampson & de Korte, 2011) and PN (Faessler et 608 

al., 2017). A major part of NICU exposure is IV exposure with a bioavailability of 100%, which is 609 

higher than through oral exposure on which most toxicity data are based (Testai et al., 2016). The 610 

contribution of respiratory support equipment remains challenging to quantify, even though this group 611 

of medical devices is still the most plasticized by DEHP. Their use is highly correlated with higher 612 

levels of DEHP urinary metabolites. 613 

Premature neonates are especially vulnerable to exogenous toxicants since the perinatal period 614 

is a critical window for lung (Woods, 2016) and brain (Raybaud et al., 2013) maturation, specifically 615 

alveolarization, the latest stage of lung development. Indeed, inhaled phthalates, leaching from 616 

respiratory support systems, could act directly at these vulnerable peripheral airways. 617 

Neonates with lower gestational age or birth weight are at increased risk of developing 618 

complications, such as sepsis and bronchopulmonary dysplasia treated with plastic medical devices, 619 

exposing them to even more plasticizers (Strommen et al., 2016). Moreover, urinary concentrations of 620 

metabolites of different phthalates showed strong correlations in a NICU population, indicating that 621 
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neonates are presumably exposed to various toxicants simultaneously (Frederiksen et al., 2014). In 622 

addition, exposure of premature neonates to plasticizers is relatively higher than in children or adults 623 

due to their low body weight and immature renal and liver metabolism (Gubhaju et al., 2014). 624 

Although phthalates were generally not considered pneumo- or neurotoxic pollutants, 625 

respiratory diseases and impaired neurodevelopment are essential health outcomes correlated with 626 

phthalate exposure at biological and epidemiological levels in childhood, albeit studies combining 627 

biomonitoring of plasticizers in the NICU and respiratory or neurodevelopmental assessment afterwards 628 

are scarce to non-existing. Moreover, for some APs, data gaps remain regarding non-standard 629 

toxicological endpoints of APs, making their risk assessment insufficient (Bui et al., 2016). Lastly, 630 

NICU neonates are simultaneously exposed to different plasticizers, without sufficient knowledge on 631 

the effect of cumulative exposure. 632 

Conclusions and Perspectives  633 

There is an urgent need to generate adequate information relevant to assessing current exposure 634 

levels of plasticizers in the NICU. This could be achieved by extending biomonitoring with non-invasive 635 

matrices, like hair and nails, to monitor the cumulative exposure of metabolites of phthalates and 636 

alternative plasticizers. The limited human risk assessment of AP exposure remains another important 637 

knowledge gap. Additionally, investigators should consider combining exposure assessment in the 638 

NICU with a standardized respiratory and neurocognitive follow-up since both are significant 639 

contributors to morbidity later in life. 640 

The lower migration potentials of TOTM, DINCH and DEHT provide opportunities to reduce 641 

exposure, but improving leaching experiments concerning real-life clinical conditions is warranted. Ex 642 

vivo experiments should start from a clinical, theoretical assumption approaching the NICU 643 

environment as much as possible to determine applicable acceptable migration limits. In addition, a 644 

clinically relevant ex vivo model assessing exposure from (non-)invasive respiratory support should be 645 

developed as well. 646 

Even though the MDR entered into application on 26 May 2021, we cannot depend on 647 

legislation to change plasticizer use in this vulnerable population. Awareness about the potential risks 648 
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of plasticizer exposure in the NICU is lacking mainly among healthcare professionals, even those 649 

providing neonatal intensive care (Bickle-Graz et al., 2020). (Environmental) toxicologists and 650 

manufacturers have addressed the problem of plasticizer exposure for some time. Still, the production 651 

of safe alternatively plasticized medical devices (e.g., blood bags) also relies on physicians and hospitals 652 

asking for DEHP-free products. As such, clinicians can and should help in determining alternative 653 

strategies. When evaluating the benefit-risk ratio of alternatives, health hazards need to be compared to 654 

those of phthalates; none withstanding the impact of using alternatives on the functionality and 655 

performance of medical devices is equally important and should be evaluated by clinicians (Den Braver-656 

Sewradj et al., 2020). Finally, appropriate labelling of medical devices indicating the presence of any 657 

plasticizer remains the priority and has to be executed in cooperation with nurses and physicians. 658 
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Tables 
 

Table 1: Overview of phthalates and alternative plasticizers, and their major metabolites; MW: molecular weight (g/mol); n/a: not available 

Parent compounds Metabolites 

Name Abbreviation Formula MW Name Abbreviation MW 

Di-(2-ethylhexyl) phthalate  DEHP C24H38O4  390.6 Mono-2-ethylhexyl phthalate MEHP 278.3 

Mono-(2-ethyl-5-hydroxyhexyl) phthalate MEHHP / 5-OH-MEHP 294.3 

Mono-(2-ethyl-5-oxohexyl) phthalate MEOHP / 5-oxo-MEHP 292.3 

Mono-(2-ethyl-5-carboxypentyl) phthalate MECPP / 5-cx-MEPP 308.3 

Mono-(2-carboxymethyl-hexyl) phthalate MMCHP / 2-cx-MMHP 308.3 

Diethyl phthalate DEP C12H14O4 222.2 Mono-ethyl phthalate MEP 222.2 

Di-n-butyl phthalate DnBP C16H22O4 278.3 Mono-n-butyl phthalate MnBP 222.2 

Diisobutyl phthalate DiBP C16H22O4 278.3 Mono-isobutyl phthalate MiBP 222.2 

Benzylbutyl phthalate BzBP C19H20O4 312.4 Mono-benzyl phthalate MBzP 256.3 

Diisononyl phthalate DINP C26H42O4 418.6 Monoisononyl phthalate MINP 292.4 

Mono (carboxyisooctyl) phtalate OH-MINP 322.4 

Monoisononyl phthalate cx-MINP 292.4 

Di-(2-ethylhexyl) terephthalate DEHTP C24H38O4 

390.6 

Mono(2-ethylhexyl) terephthalate MEHTP 278.3 

Mono(2-ethyl-5-hydroxyhexyl) terephthalate OH-MEHTP 294.3 

Mono(2-ethyl-5-carboxypentyl) terephthalate  5-cx-MEPTP 308.3 

Tris-(2-ethylhexyl) trimellitate TOTM C33H54O6 546.8 1,4-di-(2-ethylhexyl) trimellitate 1,4-DEHTM 434.6 

2,4-di-(2-ethylhexyl) trimellitate 2,4-DEHTM 434.6 

Diisononyl cyclohexane-1,2-
dicarboxylate 

DINCH C26H48O4 424.7 Cyclohexane-1,2-dicarboxylic mono isononyl ester MINCH 302.4 

Cyclohexane-1,2-dicarboxylic mono hydroxyisononyl ester OH-MINCH 314.4 

Cyclohexane-1,2-dicarboxylic mono carboxyisooctyl ester cx-MINCH 328.4 

Di-(2-ethylhexyl) adipate DEHA C22H42O4 370.6 Mono(2-ethylhexyl) adipate MEHA 258.4 

Mono(2-ethyl-5-hydroxyhexyl) adipate OH-MEHA 274.4 

Mono-5-carboxy-2-ethylpentyl adipate 5-cx-MEPA 274.4 

Acetyl tributyl citrate ATBC C20H34O8 402.5 n/a n/a n/a 
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Table 2: Estimated DEHP exposure from different sources in the NICU 

Medical Device Simulant Experimental setup Estimated DEHP Exposure Reference 

Infusion line  
20 % lipid emulsion 

Midazolam 
Fentanyl 
Propofol 

Dynamic, 24 h, 27 °C 
24 ml 

24 ml 
28.8 ml 
10 ml 

2 kg neonate 
10186 µg/d 

26 µg / infusion 
132 µg / infusion 
6561 µg / infusion 

Loff et al. (2000) 

Perfusion line 20 % lipid emulsion 24 ml, 1 ml/h, 24 h, 23-25 °C 1 kg neonate 
1116 µg/kg/d 

Faessler et al. (2017) 

Blood bag Plasma  
 
RBC concentrate 

 
PC in plasma 
 
Exchange transfusion 

Fresh 
5-day storage – 4 °C 
Fresh 

35-day storage – 4 °C 
Fresh 
7-day storage – 22 °C 
Fresh 
24-hour storage – 4 °C 

312 µg / 20 ml 
1362 µg / 20 ml 
164 µg / 20 ml 

498 µg / 20 ml 
300 µg / 20 ml 
606 µg / 20 ml 
6640 µg / 800 ml 
10640 µg / 800 ml 

Sampson and de Korte 
(2011) 

PVC tubing used for 
CPB/ECMO 

Sheep blood 
CPB (2 h) 

CPB (6 h) 
ECMO (24 h) 

320 ml, 400 mL/min, 24 h, 37 °C 5 kg infant (400 ml blood volume) 
1200 µg/kg 

2600 µg/kg 
6000 µg/kg 

Eckert et al. (2016) 

Gastric tube Enteral nutrition (20 % lipid emulsion) 
Enteral nutrition 
Gastric juice 
Enteral nutrition (20 % lipid emulsion) 

60 mL, 5 mL/h, 25 °C  
Immersion of 5 cm NGT, 4 weeks, 37 °C 
 
7 x 56 mL over 15 min, 25 °C 

726 µg/kg/d (2 kg neonate) 
38 µg/d (per 5 cm) 
121 µg/d (per 5 cm) 
148 µg/kg/d (3 kg neonate) 

Welle et al. (2005) 
Subotic et al. (2007) 
 
Takatori et al. (2008) 

Oxygen canula Medical air 2 L/min, humidified 11 µg/d Bouattour et al. (2020) 
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Table 3: Studies (n=11) assessing NICU exposure to plasticizers using biomonitoring (urinary metabolite concentrations, median ng/mL, not corrected for 

urinary dilution unless stated otherwise) 

Study population Exposure assessment Subgroup analysis MEHP MEHHP MEOHP MECPP Sum DEHPm Mean EDI of 

DEHP 

(µg/kg/d) 

Reference 

Extreme premature 

neonates >2 w IV infusion 

(n=6) 

- GA 23-26 w 

- BW 440-880 g 

Urine sample 

- Day 4-discharge 

- Metabolites of DEHP 

n/a 129 2 221 1697 n/a n/a n/a Calafat et al. 

(2004) 

New Jersy, 

USA 

Level III NICU > 3 d (n=54) Medical device exposure category for 1-3 days 

- Low: bottle and/or gavage feedings 

- Medium: IV hyperalimentation, nCPAP 

- High: continuous UVC, ETT, CVC 

Urine sample 

- At the end of the observation period 

- Metabolites of DEHP 

Overall 

Low  

Medium 

High 

22 

4 

28 

86 

267 

27 

307 

555 

256 

29 

286 

598 

n/a n/a  

 

 

352c 

Calafat et al. 

(2009); Green 

et al. (2005); 

Weuve et al. 

(2006) 

Boston, USA 

Neonates undergoing a 

medical procedure with risk 

of high DEHP exposure 

(n=45) 

- GA 25-40 w 

- BW 490-4200 g 

Urine sample 

- Metabolites of DEHP 

 

n/a n/a n/a n/a n/a n/a 42d Koch et al. 

(2006) 

Erlangen, 

Germany 

Premature neonates (n=32) 

- GA <37 w 

- VLBW <1500 g (n=20) 

- LBW <2500 g (n=10) 

Control neonates (n=31) 

Medical device exposure category 

- Respiratory tract 

- Gastrointestinal tract 

- Cardiovascular tract 

- Chest tube 

Urine sample 

- Day 0-discharge 

- Metabolites of DEHP 

ETT + 

GT+ ETT- 

ETT/GT- 

Ctrl - IV 

Control 

332 

294 

164 

101 

73 

1 335 

1 175 

406 

71 

63 

1 093 

971 

377 

87 

50 

n/a 2 924 

2 581 

947 

354 

155 

n/a Su et al. (2012) 

Chung Shan, 

Taiwan 

Full-term infants (n=58) 

Preterm infants (n=67) 

- GA 24.7-36.6 w 

Urine sample 

- Day 1-7 

- Month 1-14 (PMA) 

- Metabolites of DEHP, DEP, DiBP, DnBP, BBzP 

& DiNP 

PT (all) 

FT (all) 

PT (D7) 

FT (D7) 

PT (M2) 

FT (M2) 

0.99 

0.44 

8.6 

5.01 

6.1 

3.9 

18 

11 

45 

8.8 

1 000 

20 

 

 

243e 

4.34 

7.2 

7.0 

Frederiksen et 

al. (2014) 

Kuopio, 

Finland 

Premature infants (n=36) 

- GA <32 w and/or BW 

<1500 g 

- NICU > 2 w 

Medical device exposure category 

- Only feeding tube after 2 weeks 

- Extra medical devices after 2 weeks 

Urine sample 

- Day 1-discharge 

- Metabolites of DEHP 

Overall 

Low (W4) 

High (W4) 

n/a 84 

66 

255 

48 n/a n/a n/a Demirel et al. 

(2016) 

Istanbul, 

Turkey 



31 

 

VLBW infants (n=46) 

- BW <1500 g 

- GA 24-33 w 

Urine sample 

- Week 1, 3 & 5 

- Metabolites of DEHP, DEP, BBzP, DiBP, DnBP, 

DiNP 

Week 1 

Week 3 

Week 5 

57 

8.0 

7.5 

122 

96 

72 

68 

59 

48 

1 215 

837 

917 

1 441 

1 017 

1 105 

n/a Strommen et 

al. (2016) 

Oslo, Norway 

Premature infants (n=64) 

- BW <1500 g 

- 81 patients, 64 survived 

Medical device exposure category 

- Low: no respiratory support, enterally fed 

- Medium: non-invasive respiratory support 

- High: invasive respiratory support, IV 

hyperalimentation, gastric decompression 

Urine sample 

- Metabolites of DEHP, DEP, BBzP, DiBP, DnBP 

Overall 

Low 

Medium 

High 

7.1 12 12 50  

68a 

76a 

134a 

n/a Stroustrup, 

Bragg, Andra, 

et al. (2018); 

Stroustrup, 

Bragg, 

Busgang, et al. 

(2018) 

New York 

City, USA 

Premature infants (n=18) 

- GA < 37 w 

Medical devices exposure (based on product 

labelling) 

- Volume of IV fluid from DEHP-containing bags 

- Number of days connected to respiratory tubing 

containing DEHP 

Urine sample 

- Metabolites of DEHP 

n/a n/a n/a n/a n/a n/a n/a Jenkins et al. 

(2019) 

Boise, USA 

Neonates undergoing 

cardiac surgery (n=18) 

Urine samples 

- Pre- and post-operatively 

- Metabolites of DEHP 

Pre-op 

Post-op 

1.7 

27 

11 

229 

7.2b 

149 

56 

1 166 

n/a n/a Gaynor et al. 

(2019) 

Philadelphia, 

USA 

NICU newborns (n=104) 

ARMED project 

Urine sample 

- After 24 h of exposure to medical device 

- Metabolites of DEHP, DEHT, DEHA, DINP, 

DINCH, TOTM 

n/a 38 50 36 n/a n/a n/a Pinguet et al. 

(2019) 

Clermont-

Ferrand & 

Lille, France 

a) Specific gravity adjusted concentration 

b) Geometric mean concentration 

c) EDI based on concentrations of MEHHP & MEOHP 

d) EDI based on concentrations of MEHHP, MEOHP, MECPP & MMCHP 

e) EDI based on concentrations of MEHP, MEHHP, MEOHP & MECPP 

f) n/a: not determined or not published by the authors 
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Table 4: Comparison of toxicological endpoints of DEHP with alternative plasticizers, and their respective TDI (only for DEHP and DINP) or derived no-effect 

levels (DNEL) (based on the SCENIHR (Testai et al., 2016) and the Danish EPA (EPA, 2014)) 

Compound Lowest NOAEL in mg/kg/d (critical endpoints) DNEL (general population) NO(A)EL in mg/kg/d after IV exposure (critical endpoints) 

DEHP 4.8 (reproductive toxicity) (Testai et al., 2016) 0.048 mg/kg/d (Testai et al., 

2016) (TDI) 

 

60 (reproductive toxicity and lung alveolar development) 

(Cammack et al., 2003) 

DINP 15 (hepatotoxicity and kidney toxicity) (EPA, 2014) 0.15 mg/kg/d (EPA, 2014) 

(TDI) 

n/a 

DEHT 100 (body weight, hematological effects) (EPA, 2014) 3.95 mg/kg/d (EPA, 2014) 381.6 (reproductive toxicity, hepatotoxicity and kidney toxicity) 

(Wirnitzer et al., 2011) 

TOTM 100 (reproduction) (EPA, 2014) 

100 (reproductive toxicity, hepatotoxicity) (Testai et al., 2016) 

1.13 mg/kg/d (EPA, 2014) n/a 

DINCH 40 (liver/kidney weight) (EPA, 2014) 

40 (kidney, thyroid follicular cell hyperplasia and adenomas) 

(Testai et al., 2016) 

2 mg/kg/d (EPA, 2014) 300 (behavior, organ weight and serum chemistry) (David et al., 

2015) 

DEHA 40 (kidney weight reduction) (EPA, 2014; Testai et al., 2016) n/a 200 (decreased body weight, increased liver weight) (Xu et al., 

2019) 

ATBC 100 (decreased BW, hematological and biochemical changes, 

increased liver weight) (EPA, 2014; Testai et al., 2016) 

1 mg/kg/d (EPA, 2014) n/a  
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Figures 
Figure 1: Typical metabolism pathways for plasticizers in the human body (DEHP is given here as example) 
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Figure 2. Premature neonates in the neonatal intensive care unit are exposed to high amounts of phtahaltes and alternative plasticizers through various invasive 

medical devices. Major sources are parenteral nutrition, blood product administration and respiratory support. Metabolites of these plasticizers can be measured 
in urine and emerging alternative matrices as hair and nails. Impaired respiratory and neurodevelopment are correlated with phthalate exposure at both biological 

and epidemiological levels. 
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