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A B S T R A C T   

Background: Aluminum (Al) adjuvants have been used in vaccines and subcutaneous immunotherapy (SCIT) for 
decades. Despite indisputable neurotoxic properties of Al, there is no clear evidence of a causal relationship 
between their use and any neurotoxic side effects. However, recent rat studies have shown an accumulation of Al 
from adjuvants in tissues, especially in bones. 
Objectives: Since the human toxicokinetics of Al-adjuvants are poorly understood, this study aimed to evaluate 
whether up-dosed or long-term SCIT with Al-coupled extracts leads to increased Al load in humans. 
Methods: This observational cross-sectional case-control study explored Al excretion in hymenoptera venom al
lergy patients recruited in 2020 before initiation (n = 10) and during ongoing (n = 12) SCIT with Al-based 
preparations. Urine samples were collected before and 24 h after the SCIT injections and analyzed for 
aluminum content by using atomic absorption spectrometry. The cumulative administered Al dose was extracted 
from patient records. Patients receiving long-term immunotherapy were treated between 2.8 and 13.6 years 
(mean 7.1). Other potential sources of Al exposure were surveyed. 
Results: Patients who had received Al-coupled immunotherapy for several years showed significantly (p < 0.001) 
higher Al excretion than the controls at initiation of immunotherapy (mean 18.2 μg/gC vs. 7.9 μg/gC) and 
predominantly (73%) were above the 95th percentile of the general populations’ exposure (>15 μg/gC), how
ever, without reaching levels of toxicological concern (>50 μg/gC). Taking both groups together excreted Al 
levels correlated with the cumulative administered Al dose from SCIT (linear regression: Alurine = 8.258 +
0.133*Alcum; p = 0.001). 
Discussion: These results suggest a relevant iatrogenic contribution of long-term SCIT to human internal Al 
burden and potential accumulation. Considering the medical benefits of Al-adjuvants and SCIT a differentiated 
risk-benefit analysis is needed. For certain scenarios of potential toxicological concern in clinical practice bio
monitoring might be advisable.   

1. Introduction 

Allergies can occur against a wide variety of agents from our envi
ronment and are often accompanied by extensive consequences and 
health problems for the affected patients. Allergen immunotherapy 
(AIT) is a well-established treatment option for allergy patients which 
draws on causative, disease-modifying aspects (Pfaar et al., 2019). 
Therapy allergens are usually administered repeatedly over a longer 
period of time either sublingually or subcutaneously (SCIT =

subcutaneous immunotherapy). Several actions, such as standardization 
of allergen extracts, sublingual application and using allergoids or ad
juvants, were taken to ensure the efficacy and safety of such AIT ap
plications (Jensen-Jarolim et al., 2020, 2021). Regarding SCIT, such 
measures may include utilizing adjuvants, which have been used in 
human vaccines for decades. Adjuvanted extracts for SCIT are especially 
widespread in Europe, with aluminum hydroxide being the most 
commonly used adjuvant (Alvaro-Lozano et al., 2020; Jensen-Jarolim 
et al., 2020, 2021). 

Several overviews (Alvaro-Lozano et al., 2020; Hogenesch, 2012; 
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Jensen-Jarolim et al., 2020, 2021; Masson et al., 2018) have addressed 
the benefits and shortcomings of aluminum (Al) adjuvants, mostly with 
respect to the immunological actions and mechanisms elicited by those 
adjuvants. While the use of adjuvants improves the immunological 
response to the extract and ameliorates tolerance of allergen injection 
due to precipitation at the injection site (Alvaro-Lozano et al., 2020; 
Jensen-Jarolim et al., 2020, 2021), acute and long-term toxicological 
effects are also a concern (Alvaro-Lozano et al., 2020; Jensen-Jarolim 
et al., 2020). Especially the known neurotoxic effects of systemic Al 
exposure have been extensively discussed in this context and in the light 
of environmental Al exposures (Alvaro-Lozano et al., 2020; Jensen-
Jarolim et al., 2020; Klotz et al., 2017). So far, “there have been no 
pharmacovigilance signals for acute toxicity linked to AIT” (Jensen-
Jarolim et al., 2020). And by citing several older evaluations (Institute of 
Medicine, 2001, 2004; WHO, 2012) an experimental intervention study 
in rats (Weisser et al., 2019) indicated that “there is no scientific evi
dence for a causal relationship between Al containing vaccinations and 
acute or chronic neurological impairment”. Concerns about vaccine 
safety, for example fears of a weakened immune system or the causation 
of autism or developmental delays in children, are debated in context 
with Al adjuvants or the sheer number of vaccine shots administered 
(Geoghegan et al., 2020). Within this assumption, the more numerous 
injections during SCIT would be even more troublesome and constitute a 
high exposure scenario. The scientific evidence, however, has so far 
refuted such concerns about vaccine safety (Geoghegan et al., 2020). 
Nonetheless, there is an unmet need to gain further knowledge on Al 
clearance from Al-adjuvants. 

There are abundant exposure possibilities to Al from the human 
environment, such as soil, plants, water, air, consumer products and 
many pharmaceuticals, and Al is the most common metal on earth 
(ATSDR, 2008). However, the general fate of Al and the body’s ho
meostatic mechanisms are not fully understood yet. It has long been 
clear, that most Al is eliminated by urinary excretion within days or 
months after it enters the bloodstream, while some Al is retained in the 
body, especially the skeleton (Priest, 1993, 2004). Such bone recovery of 
Al was also found from adjuvants in recent animal studies after 80 days 
(Weisser et al., 2019, 2020), but without showing any measurable ef
fects on the Al plasma concentrations in between. Al might also be 
released from such longterm body deposits in the course of time and 
increase the systemically available Al again before its excretion. Recent 
physiology-based modeling for Al toxicokinetics in the most important 
tissues described a multi-compartment distribution of Al with varying 
elimination kinetics in different tissues. Overall, the modeling indicates 
that Al excretion in urine is a good reflection of the total body burden 
(Hethey et al., 2021), as the slow urinary kinetics correlate well with the 
modeled fraction in bone (as a deep storage compartment). Therefore, 
urinary Al can be used as a surrogate for the currently systemically 
available Al load. 

The current knowledge on Al-adjuvant in humans – especially for 
SCIT – is also limited and does not allow definitive conclusions; rather, 

further monitoring is required (Jensen-Jarolim et al., 2020; Masson 
et al., 2018). Based on recent experimental animal data, it was postu
lated that single injections of Al-adjuvants do not cause measurable 
changes to Al load in human adults (Weisser et al., 2019, 2020). How
ever, after several years of SCIT, a substantial deposit of Al in bones can 
be expected (Jensen-Jarolim et al., 2020; Weisser et al., 2020). 
Regarding the use of multiple or long-lasting AIT treatments – such as in 
multi-allergic individuals or hymenoptera venom allergy, where an 
up-dosed or lifelong AIT is indicated in special cases (Golden et al., 
1996, 1998; Keating et al., 1991; Przybilla and Ruëff, 2010; Reisman, 
1993; Sturm et al., 2018) – a substantial and potentially worrisome 
accumulation of Al might occur. 

Furthermore, observations from our own clinical practice (unpub
lished data) provided further reason for concern: due to medical in
dications and inquiries, three patients, all of whom received an up-dosed 
SCIT for treatment of hymenoptera venom allergy, were screened for 
their respective Al excretions during their treatment to address concerns 
of their Al exposure. Urinary Al concentrations (measured at 12.3, 18.1 
and 39.4 μg/gC (=μg/g creatinine)) exceeded the reference value of 15 
μg/gC (Klotz et al., 2020) in two cases; one measurement even exceeded 
the reference value more than threefold (39.4 μg/gC). Their respective 
treatment duration was 1 year, >3 and >8 years. Therefore, among 
these three patients, the cases with a longer duration of Al-based SCIT 
also had a higher Al excretion, which may hint at a noticeable contri
bution of Al-based SCIT over time to the overall Al burden in humans. 

With respect to these findings, it is important to generate further 
knowledge on the Al burden and elimination with regard to SCIT Al- 
adjuvants in humans. Therefore, a cross-sectional case-control study 
for the proof of principle was conceptualized in order to evaluate 
whether up-dosed or long-lasting SCIT treatment with Al-adjuvanted 
extracts leads to short-term or chronically increased Al excretion in 
humans. Hereby its complex toxicokinetics involving different com
partments have to be considered and if Al excretion is raised, to detect 
the magnitude of such effect. 

2. Material and methods 

2.1. Study design and collective 

This cross-sectional case-control study explored Al excretion in 
humans before initiation (controls) and during ongoing SCIT with Al- 
adjuvanted hymenoptera venom (cases). The study was performed in 
accordance with the ethical standards of the institutional research 
committee as well as with the Helsinki declaration of 1964 and its later 
amendments. The study design, including handling of patient data, was 
reviewed and approved by the local ethics committee (Friedrich-Alex
ander-Universität Erlangen-Nürnberg (Vote No. 445_19 B)). All study 
participants gave written, informed consent for participation and sci
entific data usage before inclusion. 

All patients were recruited in 2020 during their presentation in the 
Allergy Unit of the University Hospital’s Department of Dermatology. 
Inclusion criteria were legal age (≥18 years) and a history of hyme
noptera venom allergy. 

Consecutively, patients with an ongoing hymenoptera venom SCIT 
with an Al-based extract were asked to participate if the cumulative 
administered Al dose from SCIT was ≥30 mg. Two patients declined and 
12 patients were included in the study as Group 1 (previously exposed). 
The SCIT extracts used were all from the same producer (bee or wasp 
venom adjuvanted to Al hydroxide) and contained 1.13 mg aluminum 
per 100 μL venom. 

Twelve control patients were recruited consecutively as Group 2 (no 
previous exposure); they had been advised to start an Al-based hyme
noptera venom SCIT and had no known history of a former Al- 
adjuvanted SCIT. Two patients had to be excluded after sample anal
ysis, as one did not provide a sample 24 h after SCIT injection and the 
other one provided excessively diluted urine samples with creatinine 

Nomenclature 

AIT Allergen immunotherapy 
Al Aluminum 
Al-adjuvants Aluminum-containing adjuvant 
Alcum Cumulative aluminum dose from immunotherapy 

injections 
AUC Area under the curve 
EFSA European Food Safety Authority 
μg/gC Mikrogramm per gram creatinine 
SCIT Subcutaneous immunotherapy 
TWI Tolerable weekly intake  
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concentrations of less than 0.3 g/L (outside the validated analytical 
range). As a result, Group 2 for data analysis consisted of n = 10 patients. 

Due to a limited availability of patients, and with no age- or sex- 
differentiated reference values for Al excretion established to this 
date, no specific emphasis was placed on matching those parameters 
among groups but rather on the underlying condition of a hymenoptera 
allergy. 

2.2. Sample collection and analysis 

Spot urine samples were collected in acid-washed, sterile poly
propylene cups twice per patient: directly before the next (Group 1) or 
the first (Group 2) injection of the Al-adjuvanted allergen extract (be
tween 8:00 and 10:00 a.m.), as well as on the following morning (about 
24 h later) to additionally screen for short-term effects on Al excretion 
post-injection. For all other evaluations, the first urine samples – 
collected before the SCIT injection – were used (data set available in 
supplemental material (Table S1)). For Group 1, samples were taken as 
part of the next scheduled injection of the ongoing treatment. The in
terval between the last injection and the first urine sample was between 
26 and 57 days (mean ± SD: 42 ± 10 days). In all controls (Group 2), the 
induction of immunotherapy was performed with a lyophilized prepa
ration up to ten days in advance of the study sampling (during the first 
Al-adjuvanted injection). 

Urinary Al was analyzed upon arrival in the toxicological laboratory 
of the Institute and Outpatient Clinic of Occupational, Social and Envi
ronmental Medicine (located in Germany) using a quality-controlled 
and validated atomic absorption spectrometry procedure as described 
(Letzel et al., 2020). Concentrations in μg/L were normalized to creat
inine (μg/gC) to account for varying urinary dilutions in spot urine 
samples and for comparison with reference values. Urinary creatinine 
concentration was determined photometrically per Jaffe’s method 
(Larsen, 1972). Samples with creatinine concentrations outside the 
acceptable range (0.3–3.0 g/L urine) (WHO, 1996) were excluded. 

Biological reference values are oriented towards the population’s 
background exposure, generally equating to the 95th percentile of the 
general population without occupational exposure. A preliminary 
reference value of 15 μg/L Al in urine has long been established (UBA, 
1998) and was recently supported by a thorough literature review, 
whereby a reference value of ≤15 μg/gC was established (Klotz et al., 
2020). 

2.3. Further data collection 

Current age and cumulative administered Al dose (Alcum) from hy
menoptera venom SCIT were determined from patient records. The SCIT 
extracts contained 1.13 mg aluminum per 100 μL venom; the amount of 
each venom injection administered was added up to calculate Alcum. All 
prior injections, but not the current one were included in the Alcum 
calculations. In one case, the available records did not cover the entire 
treatment period (due to external initiation going back as far as 2007 
and a change of physician). This case was excluded from evaluation of 
an association between Alcum and Al excretion. In a tentative approach, 
for this patient Alcum of the unaccounted period (2007 to October 2013) 
was estimated by assuming injections every 6 weeks (with 100 μL venom 
until 2009 and 200 μL venom from 2010 onwards) and added to the 
Alcum extracted from the records. 

Furthermore, all patients completed a questionnaire (translated 
version included in supplemental material, study questionnaire) on 
personal and medical factors (e.g. smoking habits, current medications, 
pre-existing conditions), as well as other potential environmental sour
ces of Al exposure. These questions were based on exposures which have 
either been critically discussed in the past with regard to their potential 
Al burden for humans, such as Al-containing deodorants or kitchenware 
or Al-burdened foods, or where a relevant Al content is known for 
certain products (vaccines, heartburn medication such as antacids or 

mineral clay). 

2.4. Data and statistical analysis 

OriginLab Origin® 2019 and SPSS Statistics Version 28 were used for 
statistical analysis and graphics. Standard distribution of data was tested 
with Shapiro-Wilk. For the descriptive statistics means and standard 
deviation (SD) are reported for normally distributed data, the median is 
reported when data are not normally distributed. Comparison of age and 
Al excretion between Groups 1 and 2 was performed with a two-tailed t- 
test (normally distributed data). Two-tailed Wilcoxon tests were used to 
investigate concentration differences in paired urine samples before and 
after the injection (acute injection effect; data not normally distributed). 
An association between urine concentration and Alcum was explored by 
linear regression. Due to the sample size, exact p-values are reported, 
whereby p < 0.05 is considered significant. 

3. Results 

3.1. Medical data and collective characteristics 

The overall collectives for data analysis consisted of 12 and 10 pa
tients in Groups 1 and 2, respectively. Aggregated patient characteristics 
and other potential sources for Al exposure (surveyed by questionnaire) 

Table 1 
Aggregated characteristics of patients (n = 22) receiving subcutaneous immu
notherapy (SCIT) for hymenoptera venom allergy by group.   

Group 1 (n = 12) Group 2 (n = 10) 

Sex [N (%)]  
- Female  
- Male 

5 (42) 8 (80) 
7 (58) 2 (20) 

Agea [years] Mean ± SD: 63.1 ± 15.3 Mean ± SD: 54.2 ± 17.9 
Min.-Max.: 41–87 Min.-Max.: 18–72 

Smoking [N (%)] 
-Current smoker 
-Ex-smoker 
-Non-smoker 

1 (8) 2 (20) 
3 (25) 2 (20) 
8 (67) 6 (60) 

Duration of ongoing 
Al-based SCIT 
[years] 

Mean ± SD: 7.1 ± 2.9 Start of treatment 
Min.-Max.: 2.8–13.6 

Cumulative Al dose 
(Alcum) from SCIT 
[mg] 

Mean ± SD: 73.8 ± 24.4b 0 
Min.-Max.: 45.0–120.9b 

Other former SCIT 
treatments  

• Former SCIT with Al-free 
hymenoptera venom (n =
1)  

• Preseasonal SCIT against 
pollen for 3 years (around 
the year 2000) (n = 1) 

•Former SCIT with Al-free 
hymenoptera venom (n =
1) 

Other current 
medical Al 
exposures 

Occasional oral medication 
with Al-containing antacids 
(500 mg aluminum- 
magnesium-silicate (1:2:3) 
per tablet, corresponding to 
~ 56 mg Al) (n = 1) 

One vaccination within 
the last 12 month 
containing aluminum 
(total content: 0.5 mg 
Al3+) (n = 1) 

Oral ingestion of 
healing clay 

Daily (n = 1) Occasionally (n = 1) 

Use of Al foil for 
cooking (≥1× per 
month) [N (%)] 

3 (25) 6 (60) 

Consumption of lye 
pastry (≥1× per 
week) [N (%)] 

2 (17) 2 (20) 

Use of Al-containing 
antiperspirant [N 
(%)] 

3 (25) 4 (40) 

Use of facial masks 
for cosmetic 
treatments [N (%)] 

0 (0) 2 (20)  

a T-test for differences between groups: p = 0.22. 
b Data for n = 11 (excluding one case with only estimated Alcum of ~203 mg). 
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are reported by group in Table 1. Men were more prevalent in Group 1. 
Age did not differ significantly among groups. 

No patient reported renal failure (possibly influencing excretion 
parameters), received topical treatment with Al hydroxide for hyperhi
drosis, or obtained a tattoo within the preceding 12 months. 

Regarding possible other environmental and iatrogenic Al exposures, 
a thorough evaluation of their potential influence on the Al excretion 
data was performed. In summary, a relevant Al exposure beyond the 
hymenoptera venom SCIT treatment could not be excluded for one pa
tient of Group 1 due to daily ingestion of healing clay. Despite a repeated 
sample collection after stopping the supplementation, persisting con
founding effects could not be ruled out for this patient and ultimately led 
to the exclusion from this study’s further analyses. However, the pa
tient’s data from the repeated sampling are shown in the figures marked 
with an asterisk for descriptive purposes. All other potential environ
mental or iatrogenic exposures were considered negligible or of sec
ondary importance compared to the Al doses from SCIT (for rationale 
see supplemental material, B. Other Al exposures). Therefore, the final 
Groups 1 and 2 included 11 and 10 patients, respectively. 

3.2. Short-term effects 

To evaluate possible acute, short-term effects of single SCIT in
jections with Al-adjuvanted extracts, the Al concentrations in urine 
before and 24 h after SCIT injection were compared (Fig. 1). The post- 
injection concentration was higher than pre-injection in 12 (57 %) pa
tients and lower in nine (43 %) patients. In 48% of patients, the lower 
determined level was within 80–100% of the higher level and within the 
range of analytical reliability. Descriptive statistics were comparable 
(Table 2). Furthermore, testing for differences showed no significant 
variation in Al excretion before and after injection, neither when all data 
(n = 21) were considered together (Wilcoxon: p = 0.44) nor when 
separated into groups (Wilcoxon: Group 1: p = 0.70; Group 2: p =
0.18)). 

3.3. Comparison with background levels and among groups 

Nine samples showed Al concentrations above the reference value 
(15 μg/gC), indicating elevated exposure. Group 1 showed a distinct 

deviation from background levels of Al excretion (Min.-Max.: 10.6–27.0 
μg/gC; mean ± SD: 18.2 ± 5.2 μg/gC). The reference value of 15 μg/gC 
was exceeded in eight patients (73%) and the Al-excretion levels were 
significantly (t-test: p < 0.001) higher compared to Group 2 (Fig. 2). In 
contrast, in patients without prior SCIT (Group 2), Al excretion was 
within the expected range prior to treatment (Min.-Max.: 1.2–20.9 μg/ 
gC; mean ± SD: 7.9 ± 5.9). Only one patient (10%) exceeded the 
reference value. 

3.4. Association between Al excretion and administered Al dose 

Al excretion was plotted against Alcum (Fig. 3) to evaluate a possible 
association between excretion and cumulative Al dose from SCIT in
jections. For Group 2, Alcum was assumed to be zero. As described above, 
the Alcum of one case could not be conclusively determined but rather 
estimated due to missing data. The final data basis for this analysis 
therefore consisted of n = 20 data points. A linear regression was per
formed with these data, assuming a direct association. The overall 
regression model was found to be highly significant (p = 0.001) and with 
a fair goodness-of-fit (corr. R2 = 0.426). Both the slope (0.133, SE ±
0.034, p = 0.001) and the intercept (8.258, SE ± 1.726, p < 0.001) 
proved to be significant, yielding a regression model of Alurine [μg/g] =
8.258 + 0.133*Alcum [mg]. 

A second tentative analysis was conducted to further test and vali
date the regression model. Besides the indisputable cases (n = 20) used 
for the aforementioned modeling, some less robust data from five more 
cases existed (further specification in Table 3). This additional analysis 
proved consistent with the primary regression model. 

Fig. 1. Scatter plot of aluminum excretion before and 24 h after the next 
(Group 1, blue/circles, n = 11) or first (Group 2, red/squares, n = 10) subcu
taneous immunotherapy injection with hymenoptera venom (with aluminum 
hydroxide adjuvant) in allergy patients with linear regression. One special case 
(originally from group 1), in which additional aluminum exposure with influ
ence on the current excretion could not be excluded, is depicted by a star. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 

Table 2 
Aluminum excretion before and 24 h after injection of one dose of aluminum 
hydroxide adjuvanted hymenopteran venom during subcutaneous immuno
therapy (SCIT) in allergy patients (n = 21).   

Aluminum concentration in urine [μg/gC]  

Directly before injection 24 h after injection 

Min.-Max. 1.2–27.0 2.8–39.5 
Median 11.5 13.3  

Fig. 2. Comparison of aluminum excretion in μg per gram creatinine (μg/gC) 
between Group 1 (blue/diagonally striped, hymenoptera venom allergy pa
tients with ongoing aluminum-based subcutaneous immunotherapy, n = 11) 
and Group 2 (red/dotted, patients before start of aluminum-based subcutaneous 
immunotherapy, n = 10). Highly significant difference: ***p < 0.001. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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4. Discussion 

In our study, we observed, that patients who had received Al-coupled 
immunotherapy for several years showed significantly higher Al excre
tion than the controls at initiation of immunotherapy and predomi
nantly exceeded the reference value of the general population. 
Furthermore, excreted Al levels correlated with the cumulative admin
istered Al dose from SCIT. 

To our knowledge, the biomonitoring results hereby reported are the 
first valid human data to specifically evaluate the effects of long-term Al- 

adjuvanted SCIT on systemic Al exposure in allergy patients. As stated 
above, the numerous injections during SCIT and especially in the herein 
examined cases (with increased doses or prolonged treatment) consti
tute a worst-case scenario. 

Recent toxicokinetic modeling illustrates that urinary Al accurately 
reflects total body burden (Hethey et al., 2021). Al excretion can 
therefore be seen as a surrogate for systemically available Al exposure. 
Moreover, established reference values can be used to compare the re
sults with the background levels of the general population (Klotz et al., 
2020), as well as with health-derived limits for occupational exposure 

Fig. 3. Scatter plot of aluminum excretion in μg per gram creatinine (μg/gC) and cumulative aluminum dose administered through subcutaneous immunotherapy for 
hymenoptera venom allergy. Linear-regression models with 95% confidence bands were fitted for a primary model (black/grey/continuous line, n = 20, p = 0.001) 
and a subsidiary second model (blue/broken line, n = 25, p < 0.001). Both models include n = 10 patients from Group 1 with ongoing therapy, for whom the 
cumulative Al dose from SCIT was fully documented, and all patients from Group 2 before treatment initiation (n = 10). The subsidiary model also includes five 
additional, less robust data points from clinical cases or patients in Group 1 without fully accounted cumulative dosage data or other potential conflicting exposure 
sources. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

J. Hiller et al.                                                                                                                                                                                                                                    



International Journal of Hygiene and Environmental Health 258 (2024) 114337

6

(Klotz et al., 2017, 2019). 
While no distinguishable acute effect on Al excretion could be 

observed from a single SCIT injection in our results, patients with an 
ongoing Al-adjuvanted SCIT excreted significantly more Al than patients 
with the same medical condition prior to treatment. The former also had 
clearly elevated Al excretion levels compared to the expected levels from 
the general population. With urinary Al being a good reflection of the 
total body burden (Hethey et al., 2021) and significant fractions of single 
Al-adjuvant injections being found in bone after 80 days (Weisser et al., 
2019, 2020), this finding is a clear indication of an increased internal Al 
load from long-term SCIT treatment and suggests a relevant accumula
tion in the body over time. Of course, it should be noted, that the 
increased urinary excretion cannot conclusively prove such accumula
tion in bone (or other compartments) as it does not measure the Al 
content there directly, however the synopsis of the literature and our 
data very much suggest an accumulation. A linear-regression model of 
the Al excretion and Alcum from SCIT showed a fair fit consistent with 
this assumption. While such increased total Al body load is likely to be 
distributed over multiple compartments (Hethey et al., 2021; Priest, 
2004), it manifests itself primarily via the chronically increased 
excretion. 

On the other hand, the lack of a difference in Al excretion before and 
24 h after injection is plausible and fully in line with the reported slow 
absorption of Al from insoluble salts after subcutaneous or intramus
cular injection from recent experimental animal studies (Weisser et al., 
2019, 2020). The results therefore support the conclusions of Weisser 
et al. (2019, 2020) that a single subcutaneous or intramuscular injection 
of an Al-adjuvant dose would be also indistinguishable from baseline 
levels in humans. Still, a relevant amount of Al from marketed SCIT 
adjuvants was found in rat bones 80 days after a single subcutaneous 
injection; an increase in plasma levels (AUC0–80 d (= Area under the 
curve)) was also seen for one Al-adjuvant extract (Weisser et al., 2020). 
Therefore, when the Al concentrations in rat bones were extrapolated to 
a three-year perennial SCIT course in humans (36 doses, each containing 
1.25 mg Al), a substantial increase of Al in bone was expected by 
referring the extrapolated increase to normal bone Al content (Weisser 
et al., 2020). 

Although most of our exposed patients had an even higher Alcum 
(between 45.0 and 120.9 mg; mean 73.8 mg) than Weisser et al. (2020) 
calculated for their accumulation scenario (36 × 1.25 mg = 45 mg), our 
data largely confirm these assumptions in principle. We saw frequent 
exceedances of the reference value for Al in Group 1, potentially 
pointing to an accumulation in typical body storage compartments. 
According to literature data such accumulation would be expected to 

affect especially bones and brain (Hethey et al., 2021; Priest, 2004; 
Weisser et al., 2020). 

However, levels above the reference value do not necessarily 
constitute a health risk. For such evaluation of potential health risks only 
references to biological limit values, which are formally just established 
for long-term occupational exposure, can be discussed. Among all 
evaluated toxicities of Al, neurotoxicity is considered the most relevant 
adverse event (ATSDR, 2008; EFSA, 2008; Klotz et al., 2017; Klotz et al., 
2019). Critical evaluation of available studies of occupational exposure 
concluded that neurotoxic effects are unlikely for urinary excretion of 
<50 μg/gC, even following long-term exposure (Klotz et al., 2017, 
2019). This biological limit value was not surpassed by any individual of 
Group 1, with the exception of one case with a potential, competing 
lifestyle-related source of Al exposure which showed an Al excretion 
above 50 μg/gC 24 h after the SCIT injection. Therefore, no definite 
health concerns arose from the investigated SCIT treatments. Still, all 
Group 1 patients receiving an Al-based specific immunotherapy – due to 
higher risk concerns of their venom allergy – for a period longer than 
five years were advised to switch to an Al-free formula of the venom, 
consistent with medical recommendations. 

The linear-regression model predicts that patients receiving a cu
mulative Al dose of about 51 mg subcutaneously through SCIT are likely 
to exceed the established reference value (15 μg/gC). Depending on the 
length of the SCIT injection intervals a cumulative Al dose of 51 mg 
could be reached after just under four years (4-week intervals) or more 
than seven years (8-week intervals). However, to exceed the biological 
limit value (with reference to potential health risk) of 50 μg/gC, a cu
mulative Al dose of about 314 mg is required according to the regression 
model. Even with monthly injections and the highest allowed Al content 
for parenteral vaccines and allergen extracts of 1.25 mg per dose (Eu
ropean Pharmacopoeia, 2017), such exposure would require more than 
20 years of SCIT, i.e., a total of 251 injections. In this context, it is 
important to consider that this evaluation is only explorative and 
orientating, as its reliability is limited by the rather small sample size 
which restricts the calculations of Al doses for exceedances of the limit 
value. 

Some authorities and scientific opinions have recommended to keep 
Al intake as low as possible, considering unavoidable everyday envi
ronmental contact (EFSA, 2008; BfR, 2019; Tietz et al., 2019). 
Health-based guidance values for general consumer exposures, e.g. by 
the European Food Safety Authority (EFSA, 2008), however, extrapolate 
from dietary animal studies and derive a tolerable weekly intake (TWI) 
(Affourtit et al., 2020). Notwithstanding, such dietary guidance values 
fall short in light of parenteral exposure and without reference to 
necessary medical procedures. 

In contrast to purely environmental Al exposures, the risk-benefit 
assessment in clinical practice must include desired medical effects. Al 
has been used as a potent adjuvant since the first half of the 20th cen
tury. Due to its efficacy, tolerability, and safety reports, it still super
sedes the use of other adjuvants (Alvaro-Lozano et al., 2020; 
Jensen-Jarolim, 2015; Petrovsky, 2015; Petrovsky and Aguilar, 2004; 
Terhune and Deth, 2018; Willhite et al., 2014; Zubeldia et al., 2019). In 
many vaccines, its use is the very factor that enables an effective 
vaccination in the first place (Jensen-Jarolim et al., 2020). Furthermore, 
there is currently no evidence for a causal relationship between the use 
of Al-adjuvants and potential toxic effects despite long-term usage 
(Jensen-Jarolim et al., 2020; Weisser et al., 2019). Our exploratory re
sults do, however, suggest that a potential accumulation might become 
relevant in special cases (multiple, up-dosed, or long-lasting SCIT) and 
should be assessed. 

For the thorough appraisal of the study results, some limitations 
must be addressed. First, the sample size of the collective is rather small 
and should initiate confirmation by further investigations with larger 
collectives. Second, the cross-sectional design limits the monitoring of Al 
excretion over the entire course of SCIT treatment. Such longitudinal 
data would be desirable in the future; however, the cross-sectional 

Table 3 
Specification and limitations of five additional cases used in second analysis to 
further test the original linear-regression model (Fig. 3).  

Data origin Reason for exclusion in initial regression 
model (Figure 3) 

Group 1 No. 11 from study data set: 
originally excluded from data for 
initial regression model 

Cumulative aluminum dose Alcum from 
subcutaneous immunotherapy partially 
estimated 

Group 1 No. 12 from study dataset: 
originally excluded from all 
statistical analyses 

Potentially relevant, additional Al 
exposures from ingestion of healing clay 

Clinically observed Case 1 (described 
in introduction) 

Not formally included in study data set, 
data only obtained from clinical practice 
(before study conceptualization) 

Clinically observed Case 2 (described 
in introduction) 

Not formally included in study dataset, 
data only obtained in clinical practice 
(before study conceptualization) 

Clinically observed Case 3 (described 
in introduction) 

Not formally included in study dataset, 
data only obtained in clinical practice 
(before study conceptualization); 
additionally cumulative aluminum dose 
Alcum from subcutaneous immunotherapy 
partially estimated  
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design allows a less time-consuming and more resources efficient initial 
exploration. Considering the explorative proof-of-principle approach 
the study design was still very valuable, especially as Alcum distribution 
among Group 1 still comprised a range with a triplicate increase. The 
age- and sex-composition among groups may present another limitation. 
As no subdivided reference values have been established (UBA, 1998; 
Klotz et al., 2017, 2020), no focus was placed on matching Groups 1 and 
2 in this regard, causing women to be notably more prevalent in Group 2 
and the average age of Group 2 to be slightly younger. Referring to two 
large studies on urinary Al levels in the general population which had 
been included to establish a biological reference value (Klotz et al., 
2020), there are indications for relevant differences between sexes but 
inconsistent results concerning age. Both studies (Hoet et al., 2013; 
Nisse et al., 2017) reported a significantly higher creatinine-adjusted Al 
excretion in women. However, only Nisse et al. (2017) reported an 
additional increase of the creatinine-adjusted Al level with age, whereas 
Hoet et al. (2013) did not report an age effect for Al. As such, while a 
potential sex-based bias on average Al excretion cannot be excluded, 
general conclusions would not change because Group 2 included more 
women, which would only mask an even lower excretion in a more 
sex-balanced control collective. 

On the other hand, several strengths of our study support its high 
relevance and provide a valuable basis for future research. The data 
reported here constitute the first valid human biomonitoring data to 
specifically evaluate the effects of Al-adjuvanted SCIT on systemic Al 
load in a real-life setting. Urine samples were collected and prepared, 
and Al analysis was performed by a laboratory highly experienced in Al 
analytics (Hiller et al., 2023; Letzel et al., 2020) using quality-proven 
analysis (Göen et al., 2012), taking special precautions to avoid 
contamination, an important factor for Al determination due to 
numerous potential sources of environmental pollution. Due to the wide 
range of Alcum included in the investigated cases, it was also possible to 
include an initial, tentative prediction on SCIT exposures that would 
lead to an exceedance of the reference value and possible toxicological 
health concerns. Also the heterogeneity of Alcum and SCIT duration in 
Group 1 could be viewed as a pseudo-longitudinal observation and 
might be very helpful for conceptualizing future long-term monitoring 
studies to follow-up the Al exposure over the course of SCIT treatment. 

5. Conclusion 

The exploratory results indicate a relevant iatrogenic contribution of 
Al-adjuvanted SCIT to the human internal Al burden during multi- 
annual SCIT, exceeding a typical period of 3–5 years (Pfaar et al., 
2022). Given the medical benefits of SCIT and the higher immunoge
nicity of Al-adjuvanted extracts, a differentiated risk-benefit analysis for 
medical applications should be taken into account. The authors want to 
point out that they do not question the general benefits of vaccines and 
of therapeutic allergens in principle. They explicitly reject any ongoing 
anti-vaccine discussion and misinformation. It is recommended to 
carefully monitor emerging data on Al-adjuvants and initiate further 
studies on the systemic fate of subcutaneously administered Al in 
humans during and after recurring SCIT injections. Cohort studies 
monitoring Al excretion longitudinally over the course of SCIT treatment 
and degradation kinetics after treatment cessation would be beneficial. 
Especially multiple or long-lasting SCIT applications with Al-adjuvanted 
extracts – such as in multi-allergic individuals or individuals allergic to 
hymenoptera venom – constitute a scenario of potential concern. Like
wise, particularly susceptible population groups such as children or 
people with underlying conditions hindering Al excretion, such as 
impaired kidney function, might require special consideration. Therapy 
accompanied by repeated biomonitoring might be advisable in such 
cases in the clinical practice to consider toxicological concerns. 
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Pravettoni, V., Ruëff, F., Sin, B.A., Agache, I., Angier, E., Arasi, S., Calderón, M.A., 
Fernandez-Rivas, M., Halken, S., Jutel, M., Lau, S., Pajno, G.B., van Ree, R., Ryan, D., 
Spranger, O., van Wijk, R.G., Dhami, S., Zaman, H., Sheikh, A., Muraro, A., 2018. 
EAACI guidelines on allergen immunotherapy: hymenoptera venom allergy. Allergy 
73 (4), 744–764. https://doi.org/10.1111/all.13262. 

Terhune, T.D., Deth, R.C., 2018. Aluminum adjuvant-containing vaccines in the context 
of the hygiene hypothesis: a risk factor for eosinophilia and allergy in a genetically 
susceptible subpopulation? Int. J. Environ. Res. Publ. Health 15 (5). https://doi.org/ 
10.3390/ijerph15050901. 

Tietz, T., Lenzner, A., Kolbaum, A.E., Zellmer, S., Riebeling, C., Gürtler, R., Jung, C., 
Kappenstein, O., Tentschert, J., Giulbudagian, M., Merkel, S., Pirow, R., Lindtner, O., 
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Weisser, K., Göen, T., Oduro, J.D., Wangorsch, G., Hanschmann, K.O., Keller- 
Stanislawski, B., 2020. Aluminium from adjuvanted subcutaneous allergen 
immunotherapeutics in rats is mainly detected in bone. Allergy 75 (1), 215–217. 
https://doi.org/10.1111/all.13982. 

Willhite, C.C., Karyakina, N.A., Yokel, R.A., Yenugadhati, N., Wisniewski, T.M., 
Arnold, I.M., Momoli, F., Krewski, D., 2014. Systematic review of potential health 
risks posed by pharmaceutical, occupational and consumer exposures to metallic and 
nanoscale aluminum, aluminum oxides, aluminum hydroxide and its soluble salts. 
Crit. Rev. Toxicol. 44 (Suppl. 4), 1–80. https://doi.org/10.3109/ 
10408444.2014.934439. 

World Health Organization (WHO), 1996. In: Office of Occupational Health. Biological 
Monitoring of Chemical Exposure in the Workplace: Guidelines. World Health 
Organization; 1996, Geneva, 1WHO/HPR/OCH/96.1.  

World Health Organization (WHO), 2012. Global Advisory Committee for Vaccine Safety 
(GACVS), Report of Meeting Held 6-7 June 2012. WHO Weekly Epidemiological 
Record. 

Zubeldia, J.M., Ferrer, M., Dávila, I., Justicia, J.L., 2019. Adjuvants in allergen-specific 
immunotherapy: modulating and enhancing the immune response. J Investig. 
Allergol. Clin. Immunol. 29 (2), 103–111. https://doi.org/10.18176/jiaci.0349. 

J. Hiller et al.                                                                                                                                                                                                                                    

https://doi.org/10.3389/fmicb.2020.00372
https://doi.org/10.3389/fmicb.2020.00372
https://doi.org/10.1016/j.ijheh.2021.113711
https://doi.org/10.1016/S0091-6749(96)70302-0
https://doi.org/10.1016/S0091-6749(98)70239-8
https://doi.org/10.1007/s00204-021-03107-y
https://doi.org/10.1016/j.envint.2023.108000
https://doi.org/10.1515/cclm-2012-0688
https://doi.org/10.3389/fimmu.2012.00406
https://doi.org/10.17226/10208
https://doi.org/10.17226/10997
https://doi.org/10.1186/s40413-015-0060-5
https://doi.org/10.1111/all.14134
https://doi.org/10.1016/j.jaip.2020.12.008
https://doi.org/10.1016/j.jaip.2020.12.008
https://doi.org/10.1016/0091-6749(91)90095-6
https://doi.org/10.34865/bb742990e5_1
https://doi.org/10.34865/bb742990e5_1
https://doi.org/10.1002/3527600418.bb742990vere2419
https://doi.org/10.1002/3527600418.bb742990vere2419
https://doi.org/10.3238/arztebl.2017.0653
https://doi.org/10.3238/arztebl.2017.0653
https://doi.org/10.1016/0009-8981(72)90513-x
https://doi.org/10.1159/000502239
https://doi.org/10.1016/j.jinorgbio.2017.12.015
https://doi.org/10.1016/j.ijheh.2016.09.020
https://doi.org/10.1007/s40264-015-0350-4
https://doi.org/10.1007/s40264-015-0350-4
https://doi.org/10.1111/j.0818-9641.2004.01272.x
https://doi.org/10.1111/j.0818-9641.2004.01272.x
https://doi.org/10.1111/all.14077
https://doi.org/10.5414/ALX02331E
https://doi.org/10.1079/pns19930055
https://doi.org/10.1039/b314329p
https://doi.org/10.1039/b314329p
https://doi.org/10.1111/j.1610-0387.2009.07125.x
https://doi.org/10.1016/S0091-6749(93)90060-s
https://doi.org/10.1111/all.13262
https://doi.org/10.3390/ijerph15050901
https://doi.org/10.3390/ijerph15050901
https://doi.org/10.1007/s00204-019-02599-z
https://doi.org/10.1007/s00204-019-02599-z
http://refhub.elsevier.com/S1438-4639(24)00018-X/sref39
http://refhub.elsevier.com/S1438-4639(24)00018-X/sref39
http://refhub.elsevier.com/S1438-4639(24)00018-X/sref39
https://doi.org/10.1007/s00204-019-02561-z
https://doi.org/10.1111/all.13982
https://doi.org/10.3109/10408444.2014.934439
https://doi.org/10.3109/10408444.2014.934439
http://refhub.elsevier.com/S1438-4639(24)00018-X/sref43
http://refhub.elsevier.com/S1438-4639(24)00018-X/sref43
http://refhub.elsevier.com/S1438-4639(24)00018-X/sref43
http://refhub.elsevier.com/S1438-4639(24)00018-X/sref44
http://refhub.elsevier.com/S1438-4639(24)00018-X/sref44
http://refhub.elsevier.com/S1438-4639(24)00018-X/sref44
https://doi.org/10.18176/jiaci.0349

	Elevated aluminum excretion in patients by long-term subcutaneous immunotherapy – A cross-sectional case-control study
	1 Introduction
	2 Material and methods
	2.1 Study design and collective
	2.2 Sample collection and analysis
	2.3 Further data collection
	2.4 Data and statistical analysis

	3 Results
	3.1 Medical data and collective characteristics
	3.2 Short-term effects
	3.3 Comparison with background levels and among groups
	3.4 Association between Al excretion and administered Al dose

	4 Discussion
	5 Conclusion
	Funding
	Data availability statement
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


