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Background: Understanding the nature and consequences of widespread lead poisoning is critical to protecting people from harm.

Educational case study: We review the historical example of hypothesized lead poisoning in the famous composer Beethoven as an educational vector to illustrate principles of environmental medicine. We discuss what would happen if a hypothetical present-day Mr. B with comparable health complaints, clinical symptoms, or test results were to visit a doctor today. Human biomonitoring – with population reference values and health-based guidance values – is discussed as an important diagnostic tool.

Conclusion: This practical outlook on lead poisoning for readers with non-environmental medicine backgrounds contributes to an understanding of principles of environmental medicine.
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Introduction

Lead is one of the biggest environmental health problems in terms of the number of people exposed and the impact on public health all across the globe (1). The World Health Organisation notes that environmental pollution has led to lead poisoning and associated health problems in high, middle, and low-income countries (1). While lead poisoning can occur in any region, it is particularly problematic in the global south (2, 3). To understand the sources and consequences of environmental lead poisoning requires knowledge of environmental medicine. Therefore, educating and training physicians and students with non-environmental medicine backgrounds and increasing awareness and understanding beyond medical specialists is important.

Herein, our aim is to provide information on how environmental medicine as a discipline can help determine whether lead causes or contributes to certain ailments and diseases based on measurements and patient information. To this end, we use the composer Ludwig van Beethoven (1770–1827) and his hypothesized lead poisoning as an educational vector and we discuss what would happen if a hypothetical Mr. B with comparable clinical signs, health complaints, and test results were to visit a doctor today. We choose Beethoven for two reasons. First, the case is topical. In 2024, a CNN report stated: “New analysis of Beethoven’s hair reveals possible cause of mysterious ailments, scientists say” and “Beethoven’s hair reveals new insights into the composer’s health issues” (4, 5). Second, the hair analyses are useful for illustration of environmental medicine principles.

We expect that using the famous figure of Beethoven and a hypothetical modern day Mr. B will contribute to understanding principles of environmental medicine that can benefit individuals and populations today (6).


Lead

Lead is a toxic metal that is naturally found and widely distributed in the environment. It has been used for thousands of years and in various applications due to its many useful properties (e.g., soft, low melting point, high density, corrosion resistance). Such applications range from writing tablets, water pipes, and ballast in boats to batteries and protection against radiation (7). It has even been added to food and wine as it was used to make a sweetener (lead acetate, “lead sugar”) (8). Drinking water that flows through water distribution systems with lead pipes and lead plumbing can be a significant source of exposure to this environmental toxin today (9). In addition to drinking water and, indeed, occupational sources (10–12), leaded gasoline, canned foods with soldered joints, lead-based paints, and traditional medicines are also relevant sources of environmental lead exposure (7, 13, 14). Lead can be found in dust as paint and pipes deteriorate over time or are subject to renovations, or from mining, coal emissions, and smelting activities (15–17). Lead has even be found in children’s toys (18, 19).

It is no surprise then that lead poisoning (ancient name: saturnism) has occurred repeatedly. The negative effects on health are numerous and can include developmental disorders or permanent damage to various organs and systems (especially the brain and nervous system) in children. Acute effects in adults include vomiting and abdominal pain. Long-term effects include anemia and an increased risk of high blood pressure and kidney damage. In pregnant women, high levels of lead have been linked to miscarriages, stillbirths, premature births, and low birth weight (1). The WHO lists lead as one of the 10 chemicals that are particularly important for public health worldwide (20).




Methods

Firstly, we non-systematically screened the published literature (via PubMed and Google Scholar) and grey literature (via Google) for information on measurements of lead in Beethoven. We provide a synthesis of the narrative surrounding analyses of Beethoven’s hair samples and ailments that can be used to illustrate several principles of environmental medicine.

Secondly, we introduce human biomonitoring as a diagnostic tool. Comparison of the lead values reported for Beethoven to population reference values and health-based guidance values for environmental exposures allows answering a series of questions that clarify how human biomonitoring for Beethoven and a present-day Mr. B corresponds with today’s principles of environmental medicine.



Results


Information on measurements of lead in Beethoven

Evidence supporting the hypothesized lead poisoning of Beethoven was announced in 2000 and was based on hair analyses (21, 22). A high concentration of lead (mean ~60 ppm) was identified in the so-called Hiller lock (the composer Ferdinand Hiller cut locks of hair from Beethoven in the days around his death) (22, 23). This four-year project to investigate the cause of Beethoven’s mysterious chronic illness (including digestive problems, chronic abdominal pain, hearing loss, irritability, and depression) and death concluded that “lead poisoning” was the likely answer (21, 22). In 2023 though, a genomic study that involved eight locks attributed to Beethoven revealed that the Hiller lock was from a woman (24).

Five of the eight locks tested in 2023 were determined as originating from Beethoven (24). Among these, the Bermann Lock and the Halm-Thayer Lock were analysed by Rifai et al. (25) for lead, arsenic, and mercury. The measured hair lead concentration and the predicted blood concentration corresponding to the Halm-Thayer Lock that they reported are presented in Table 1. To estimate Beethoven’s blood lead concentration based on the Halm-Thayer Lock value, Rifai et al. used a conversion formula based on hair and blood concentrations from historical data at the Mayo Clinic, Rochester, MN. Their result for a predicted blood lead concentration – namely, 69–71 μg/dL –can suffice for illustrative purposes.


TABLE 1 Lead assessed in Beethoven’s hair and blood, population reference values and health-based guidance values, and WHO guideline for the clinical management of exposure to lead (chelation therapy).
 

 	Beethoven


 	Hair (Halm-Thayer lock, measured) (25) 	369–380 μg/g


 	Blood (predicted from hair) (25) 	69–71 μg/dL


 	Population reference values


 	2022, USA CDC 97.5th percentile (52) 	3.5 μg/dL


 	2019, Germany Human Biomonitoring Commission 95th percentile – Adult Women (26) 	3 μg/dL


 	2019, Germany Human Biomonitoring Commission 95th percentile – Adult Men (26) 	4 μg/dL


 	2003, Germany Human Biomonitoring Commission 95th percentile – Adult Women (26) 	7 μg/dL


 	2003, Germany Human Biomonitoring Commission 95th percentile – Adult Men (26) 	9 μg/dL


 	Health-based guidance values


 	1996, Germany Human Biomonitoring Commission HBM-I (53) 	15 μg/dL*


 	1996, Germany Human Biomonitoring Commission HBM-II (53) 	25 μg/dL*


 	WHO guideline for clinical management of exposure to lead 2021, Chelation therapy for Adults (28)
	>70 μg/dL**


 	2025, USA CDC guidance - consult specialist and consider chelation therapy (54) 	>45 μg/dL**





CDC, Centers for Disease Control.

*Designated for “other persons” as different from children ≤12 years and females of reproductive age.

**Chelation therapy may be recommended at lower values if the patient is symptomatic or for children.
 



Introduction of human biomonitoring as a diagnostic tool

Human biomonitoring involves the examination of human biological samples for toxic substances. Interpretation of blood lead concentration values (i.e., as would be determined today from a blood sample sent to an accredited laboratory) requires comparison with: (a) population reference values and (b) health-based guidance values from toxicology and epidemiology.

Regarding (a), population reference (or background) values can provide statistical orientation, i.e., to allow assessment of exposure relative to other members of the population (but not risk). For instance, the Centers for Disease Control and Prevention–National Institute for Occupational Safety and Health in the USA uses a blood lead reference value of 3.5 μg/dL (based on the 97.5th percentile of the blood lead distribution) above which individuals are identified as having higher levels of lead in their blood compared to most other members of this reference population (26, 27). In Germany, the 95th percentiles of the blood lead distributions for women and men in 2003 were estimated at 7 and 9 μg/dL, respectively (26). Since 2019, these values are in need of updating (still pending) but the German Human Biomonitoring Commission puts forward preliminary values of 3 and 4 μg/dL for women and men as estimates of the 95th percentile, respectively (26). It should be noted that an individual’s relative exposure levels compared to background levels are only inferred. Exposure levels per se could be higher if some of the lead is not absorbed (i.e., exposure does not equate to dose). Nonetheless, comparing to population reference values provides useful statistical orientation.

Regarding (b), for assessment of risk of health effects, health-based guidance values from toxicology/epidemiology, with cultural and political considerations (i.e., “when and how should we act?”), are necessary. In Germany, the Human Biomonitoring Commission provides their HBM-I and HBM-II values (HBM = Human Biomonitoring) as health-based guidance values that can provide medical orientation regarding toxic substances. Health-based guidance values are determined from dose–response relationships and applying safety factors (e.g., dividing by a factor of 10) to mitigate against any uncertainties (e.g., poor quality of evidence regarding dose–response relationship, or translating from rodent studies to humans, or translating from adults to small children or pregnant women). For lead, they are currently suspended and awaiting an update, with the population reference value currently recommended as the benchmark beyond which active exposure reduction should be initiated (27). Medical intervention is often based on internationally respected recommendations such as the WHO guideline for clinical management of exposure to lead (28).

All values described above are presented in Table 1 for comparison. The evolution of population reference and HBM values for lead is useful for illustration of environmental principles and will be covered in the discussion section. See Box 1 for further description of population reference values and for details on the German Human Biomonitoring Commission’s HBM-I and HBM-II values.


BOX 1. Values of the German Commission for Human Biomonitoring for the assessment of substances in the human body.

Population reference values are determined using a series of measured values from a defined sample that is considered representative of a population group. The comparison of a measured value with population reference values (e.g., the median value or the 95th percentile value) means a comparison with the background exposure to lead – or the normal distribution of lead. They do not provide any information about adverse health effects on humans; they merely allow an assessment of exposure.

HBM-I and HBM-II values are toxicologically and epidemiologically based, i.e., they are derived from studies with information on the relationship between the concentration of a substance or its metabolites in human body fluids and the occurrence of adverse effects in humans. Such values enable a risk assessment.


	• HBM-I values: concentration of a compound in human biological material below which no adverse health effects are to be expected. If the HBM-I value is not exceeded, there is no need for action (29).


	• HBM-II values: concentration in human biological material which, if exceeded, can lead to adverse health effects considered relevant for exposed individuals (30). If the HBM-II value is exceeded, there is need for action.


	• Human biomonitoring values between HBM-I and HBM-II values mean that adverse health effects cannot be ruled out with certainty: monitoring of the values (analysis, time course), the search for specific sources of exposure and a reduction of exposure with reasonable effort is indicated.



 




Discussion

Based on the synthesis of published lead measurements regarding Beethoven and on information about human biomonitoring, we now elaborate on the role and importance of environmental medicine by discussing: (i) What could Beethoven’s measurement results mean? (ii) How would we “treat” the case of a present-day Mr. B? (iii) Are there unexpected sources of environmental lead exposures? (iv) How do population reference values and health-based guidance values evolve? (v) What principles of environmental medicine are identified in our article? (vi) What do we conclude for readers without a background in environmental medicine?


What could Beethoven’s measurement results mean?

Using the information from Table 1 to inform Beethoven’s risk orientation requires historical context. Indeed, the environmental conditions in the 1700s and 1800s come into play when evaluating the hypothesized health risks of lead for Beethoven. For example, lead contamination in food and drink was quite common for – at least parts of – the population at that time (7). Further candidates for lead exposures in Beethoven’s day include lead-containing medical treatments (7, 25). It is therefore very likely that the reference values for populations in the 1700s and 1800s would be quite different from today. The locks that were mistaken for Beethoven’s actually indicate that there were others with similar hair lead concentrations in his time (21, 22). In other words, they could be indicative of high background levels in the population at the time (21). However, lacking information on frequency of disease and complaint combinations such as Beethoven’s for other people in his time, we cannot rule out that his disease history was due to causes other than the hypothesized lead poisoning (8, 31, 32).



How would we “treat” the case of a present-day Mr. B?

Suppose a Mr. B were to see a doctor today, presenting with complaints and illnesses that could be consistent with lead poisoning. Careful questions (including about Mr. B’s medical history, occupation, environment, and living conditions) might bring the doctor to consider lead poisoning as one differential diagnosis. In the age of Dr. Google and ChatGPT, Mr. B might even request a blood test for lead directly (33–35). If other explanations for the patient’s symptoms and complaints are ruled out or deemed less likely (or sometimes, if a patient is fixated on lead as the cause of their illness), the physician may have Mr. B’s blood analysed at an accredited laboratory. Blood analysis is the gold standard for measuring lead in the human body. Lead levels might also be assessed non-invasively, such as by testing hair, but results from hair are limited in interpretability (different accumulation patterns in hair compared to in blood, possible external contaminations of hair, no widely accepted standard conversion factor from hair to blood).

In the following, we treat Beethoven’s estimated blood lead values as if they were results measured for Mr. B today. These blood lead values can be compared with population reference and health-based guidance values (Table 1). This empirical basis enables two steps of assessing the body burden of toxic substances in humans. To assess Mr. B’s blood lead concentration with respect to exposure, the physician can compare the measurement results to population reference values for the lead concentration in a specified population. This comparison provides a statistical orientation – in the case of Mr. B, his blood lead concentrations would be ≈8 times higher than those of 95% of the adult men in Germany’s population in 2003 or ≈17 times higher than in 2019 (Table 1). In short, Mr. B’s lead exposure is significantly higher than that of these reference populations. To assess Mr. B’s blood lead concentration with regard to health effects, the physician can compare Mr. B’s blood lead concentration to, for instance, the German Human Biomonitoring Commission’s HBM-I and HBM-II values. This provides a medical orientation – in the case of Mr. B, his blood lead concentration would be 2.8 times the HBM-value II (Table 1). In short, Mr. B’s risk of adverse health outcomes from lead is very high. Empirically, exposure to lead at this level may contribute to or cause health problems.

In practice, the elevated lead concentration in Mr. B’s blood means that measures are required to identify the responsible lead source(s), to prevent such exposure, and for possible therapy. Possible sources of today’s exposures include drinking water from lead pipes, lead paints, and lead in dust, but there may also be unusual routes of exposure, as shown in the following case series (36–38).



Are there unexpected sources of environmental lead exposure today?

Yes. In 2007, 29 patients were admitted to several hospitals in the greater Leipzig area of Germany, which has a population of around 650,000 people (37, 38). All patients presented with the classic signs and symptoms of acute lead poisoning, including abdominal cramps, nausea, neurologic symptoms, anemia of varying severity, fatigue, a “Burton’s line,” and basophilic stippling. The diagnosis was made quickly and the chelation therapy was effective – blood lead levels on admission in patients treated in this way ranged from 17.5 μg/dL to 457 μg/dL (briefly, chelation therapy involves administering a “chelating agent” intravenously that binds to the heavy metal, which helps the body to eliminate the heavy metal in urine). Remarkably, after 8 weeks, adulterated marijuana was found to be the cause. An extensive criminal investigation led to the hypothesis that the lead, with its high specific gravity (“weight”), was added to the marijuana to maximize the dealer’s profits. An anonymous screening program conducted by the local health office led to the following results: of 597 marijuana consumers, 27.3% had blood lead levels above the HBM-II value, 12.2% had levels requiring monitoring (above HBM-I), and 60.5% had levels below the HBM-I threshold (38).

Unexpected exposures can also result from the use of certain Ayurvedic medicine and various cosmetic, household, hobby, and leisure products that have made their way by (tourism, immigration, or importation that escapes regulation) into regions where substances are more strictly regulated (39–44).



How do population reference values and health-based guidance values evolve?

Population reference values for lead as purely statistically defined values are determined using, for example, a suitable reference population and regular environmental surveys (e.g., performed by the German Human Biomonitoring Commission for Germany). In contrast, the derivation of health-based guidance values, such as the HBM-I and HBM-II values (also from the German Human Biomonitoring Commission), requires a rich base of toxicological and epidemiological studies or toxicokinetic extrapolation. Such studies allow to determine concentrations of substances or their metabolites that correspond to tolerable intake doses, which may change as new studies and findings become available. Against this challenging evidence background, the HBM-I and HBM-II values in Germany are available only for a few substances such as cadmium and pentachlorophenol (PCP) (27). At the international level, there is a freely accessible repository for extensive population reference and health-based guidance values worldwide for many chemicals, which also includes the German HBM-I and HBM-II values (45). This curated database from the International Human Biomonitoring Working Group (i-HBM) that is affiliated with the International Society of Exposure Science has been created to simplify the process of screening various sources for appropriate human biomonitoring values (45). Lead – identified as important in their publication – remains to be included on their dashboard (at the time of writing). This illustrates (as does Table 1) that identifying population reference values and health-based guidance values for lead is not always straightforward.

Population reference values will change over time. Reference values for the population in Beethoven’s time would certainly be different from today. Increases in knowledge of adverse effects of lead alongside policy interventions such as bans on lead-based paint and leaded petrol serve to reduce exposures. The application of new scientific information to health-based guidance values can also be exemplified by lead. While the German Human Biomonitoring Commission provided important guidance in the above Leipzig poisoning, since 2010 it has suspended the use of HBM-I and HBM-II values for lead and recommended that the population reference value be used as a concentration benchmark for measures to prevent avoidable exposures (46). This is due to the critical effects of lead on the developing organism even at low concentrations and the classification of inorganic lead and its compounds as Group 2A (probably carcinogenic to humans) by the International Agency for Research on Cancer (IARC) (46). Such a policy also exists in other countries (47).



What principles of environmental medicine are identified in our article?

The above content illustrates several principles of environmental medicine in Germany and elsewhere: (a) Prevention – illustrated by identifying and eliminating potential sources of exposure and very different exposure situations in Beethoven’s time compared to today. (b) Precautionary principle – illustrated by changes in population reference and HBM values over time and by the modern-day physician who may have a blood lead analysis performed at the patient’s insistence. (c) Hazard identification – illustrated by questions about occupation, environment, and living situation and by the historical context in the case of Beethoven. (d) Exposure assessment – illustrated by the use of population reference values and the Leipzig case series. (e) Risk assessment – illustrated by the use of health-based guidance values and the Leipzig case series. (f) Multidisciplinary approach – illustrated by toxicology and epidemiology in determining population reference and health-based guidance values, clinical environmental medicine to assess individual cases, and public health or preventive environmental medicine to apply knowledge from other health sciences to mitigate environmental contamination and lead poisoning. Of course, this list is not exhaustive.



What do we conclude for readers without a background in environmental medicine?

Given the ubiquitous sources of exposures to lead, every physician should know principles of environmental medicine as a basis for diagnosis, mitigation, therapy, and prevention (48).

Clearly, these should be combined with common sense. This is well summarized by the English saying “when you hear hooves, think horses and not zebras.” With Beethoven’s case history, his estimated lead values and the historical context, we may consider lead poisoning as the “horse” for some of his ailments. If a modern-day Mr. B were to present with lower blood lead values or fewer ailments, lead poisoning may well be the proverbial zebra and other more likely differential diagnoses should be explored first. Another saying holds that “a patient who has fleas may also have lice,” implying that multiple or comorbid symptoms (such as Beethoven’s hearing loss and abdominal pain (21, 22, 25, 32, 49–51)) are not necessarily caused by one exposure alone.

Overall, this article – with Beethoven as an educational vector – conveys principles of environmental medicine that can benefit individuals and populations in many places.
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