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ABSTRACT

INTRODUCTION: Toxic lead exposure is associated with peripheral neuropathy 
and coordination impairment. In contrast to western countries, industrial lead 
pollution in Peru only decreased almost a decade ago. In Peruvian children, it is 
unknown whether preceding lead exposure, until 5 years ago, can still be related 
to neurologic impairment. In this study, we thus aimed to (1) determine neurologic 
outcomes in children and adolescents born and raised in severely and moderately 
lead-polluted Peruvian cities and to (2) compare these parameters with Dutch 
children, living in a non-lead-polluted rural area.

METHODS: We determined and compared the neurologic examination, includ-
ing vibration sensation, tendon reflexes and scores from the Scale Assessment 
for Rating Ataxia (SARA) in subjects from (1) La Oroya, Peru, an industrial 
lead-polluted city (n=48; mean age 15.2y; range 8-31y); (2) Concepción, Peru, an 
adjacent, presumably less severely lead-polluted city of comparable socioeconomic 
status (n=42; mean age 14.7y; range 8-31y); and (3) Groningen, the Netherlands, 
a non-polluted city within a rural area (n=46; mean age 14.6y; range 8-33y). We 
stratified outcomes for socio-economic status. All participating Peruvian children 
with previously assessed blood lead levels had revealed outcomes above the toxic 
level (>5.0 μg/dL).

RESULTS: Median metacarpal and metatarsal vibration sensation of Peruvian 
subjects (6.5 and 6.0, respectively) were both significantly decreased, compared 
with control subjects from Groningen (7.3 and 7.1, respectively; p<0.001) and 
international standards. Comparing Peruvian (La Oroya and Concepción) and 
age-matched control subjects from Groningen, revealed higher (worse) total and 
kinetic SARA (sub)scores in the Peruvian subjects (p<0.001). There were no sig-
nificant differences between subjects from La Oroya and Concepción (p>0.05). 
Stratification for socio-economic status did not reveal significant influences.

CONCLUSIONS: Five years since toxic paediatric lead exposure had ceased, 
Peruvian subjects still revealed mild neurologic impairment. These data implicate 
persistent neurologic consequences years after toxic lead exposure (blood levels 
>5.0 μg/dL) was restricted. 
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INTRODUCTION

Exposure to the heavy metal lead (Pb) can cause severe organ damage in the 
human body.1 By mimicking calcium’s chemical traits, lead has the ability to 
cross many of the physical barriers and permeate the adjoining tissues, such as 
bone marrow, internal organs and the nervous system.2 Subsequent toxic effects 
include the degeneration of these tissues.2 Lead poisoning may occur acutely, at 
the time of direct lead exposure, or chronically by the slow release of lead from the 
body’s storage sites. In case of chronic lead poisoning, the toxicity can continue 
for a prolonged period of time, even after exposure has stopped.2 The neurologic 
consequences of lead poisoning include dysfunction of the peripheral nervous 
system (PNS), resulting in muscle weakness, sensory dysfunction, and loss of re-
flexes. By crossing the blood-brain barrier, lead may also affect the central nervous 
system (CNS), including the cerebellum and basal ganglia. The consequences can 
be severe, including: coordination impairment, confusion, headache, cognitive 
decline, behavioural problems, seizures, and eventually coma and death.2-4 As the 
paediatric cerebellar and basal ganglia networks continue to develop throughout 
childhood,5-7 paediatric lead poisoning could theoretically induce a persistent effect 
on motor coordination from childhood into adulthood. 

Blood lead levels (BLL’s) may serve as a biomarker for lead poisoning. Previous 
studies have shown that BLL’s greater than 3.0 μg/dL could correlate with neu-
rologic dysfunction, such as decreased nerve conduction and impaired coordina-
tion.8-12 The Centre for Disease Control (CDC), therefore, decreased the “accept-
able” BLL from 10.0 μg/dL to 5.0 μg/dL in 2012.13 However, it is important to be 
aware that “safe” blood lead thresholds do not exist, since levels below the maxi-
mally tolerated threshold of 5.0 μg/dL could already affect the nervous system.3,13,14 

In contrast to most western countries, industrial Peruvian lead pollution only sub-
sided in 2009. In 2005, Serrano et al investigated BLL’s in Peruvian children from 
La Oroya, where a lead smelter functioned from 1922 until 2009.15 Resultant BLL’s 
exceeded 10.0 μg/dL in 98% of young children (0-12 years of age) and in 71% of 
adolescents (13-18 years of age).15 Comparative measurements of BLL’s within the 
population of Concepción, a city located 80 kilometres from the lead smelter in 
La Oroya, but connected by the lead-contaminated Mantaro watershed, revealed 
lower BLL’s, yet still within the toxic range.15 In Concepción, BLL’s exceeded: 
10.0 μg/dL in 8%;  5.0 μg/dL in 46% and 3 μg/dL in 100% of the participants.15 
Years after closure of the lead smelter in La Oroya (and partial re-opening under 
improved conditions), it is unclear whether the previously reported toxic lead levels 

8



150 | CHAPTER 8

from La Oroya and Concepción could still impact neurologic functioning and, if 
so, whether there would be a differential effect between severely and moderately 
intoxicated cities. 

In the present study, we aimed to explore and compare the influence of the previ-
ously measured lead toxicity on neurologic parameters in children and adolescents 
living in La Oroya and Concepción, Peru. The neurologic biomarkers for the non-
invasive assessment of the peripheral and central nervous systems were: vibration 
sensation, coordination, muscle strength, and tendon reflexes. For measurement of 
coordination impairment, we applied the Scale for the Assessment and Rating of 
Ataxia (SARA), which has been designed and validated in ataxic patients.16,17 In 
children, we have shown that the SARA is a very reliable and robust instrument 
for coordination measurement independent of nationality, ethnicity, socio-eco-
nomic class or school performance.6,18 As paediatric coordination parameters are 
known to improve with age (by maturation of the cerebellum), the CACG-EPNS 
(Childhood Ataxia and Cerebellar study Group [CACG] of the European Paedi-
atric Neurology Society [EPNS]) has recently obtained international, age-related 
values for SARA scores in healthy children,18 allowing inter-group comparison 
with stratification for age. In healthy children from Groningen, age-related SARA 
values are known to be comparable to the European scores, with only a 1% dif-
ference in explained SARA score variance, independent of socio-economic or 
geographic status of the participants.6,18

In the present study, we thus aimed to determine and compare neurologic out-
comes between children and adolescents who were born and raised in La Oroya 
(Peru, a severely lead polluted area), Concepción (Peru, a moderately lead polluted 
area) and Groningen (the Netherlands, a non-lead-polluted rural area). 

METHODS

The medical ethical committee of the Universidad Peruana Cayetano Heredia, Peru, 
and the University Medical Centre Groningen (UMCG), University of Groningen 
approved the present study. The collected Dutch data had been obtained after ap-
proval from the UMCG. We received informed consent from all participants, and 
their parents when under 18 years of age. Due to the absence of existing data on 
quantified vibration sensation and SARA scores in patients with lead poisoning, 
we based the inclusion number on previously published data regarding the inter-
observer agreement of SARA scores in healthy and ataxic Dutch children.6,17 As-
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suming an Intraclass Correlation Coefficient (ICC) of 0.80 (based on the 0.81 and 
0.97 in healthy children and ataxic children, respectively), we estimated that 30 
individuals per study group would correspond with a power > 0.98. 

PARTICIPANTS 
In the present study, we included children and adolescents from 1. La Oroya, 
Peru, a heavily lead-polluted city (n=48; age range 8-31y); 2. Concepción, Peru, a 
moderately lead polluted city of comparable socioeconomic status, located 80 km 
from La Oroya (n=42; age range 8-31y); and 3. Groningen, the Netherlands, a non-
lead-polluted city within a farming area (n=46; age range 8-33y). Although up-to-
date BLL’s in Dutch children from Groningen are lacking, studies in surrounding 
countries (i.e. Belgium and Germany) have shown non-toxic BLL values ≤ 2 μg/
dL.19 Before study inclusion, each subject or parent completed a basic questionnaire, 
including items about school performance, level of parental education, diagnosed 
neurological and/or skeletal diseases and medication use.

We included participants when they were a consistent inhabitant of La Oroya, 
Concepción or Groningen since the first year of life.  We excluded participants 
when conditions other than lead poisoning could potentially interfere with the re-
sults, including: (1) an underlying neurological and/or skeletal diagnosis; (2) mental 
impairment interfering with the understanding of the required test performances; 
(3) a psychiatric or behavioural impairment potentially interfering with the test 
performances; and (4) use of medication with known side effects on coordinated 
motor function. We recruited Peruvian and Dutch participants by open advertise-
ments at primary and secondary schools or local community centres. After inclu-
sion, we collected physiognomic data, consisting of height and head circumference. 

PROCEDURE
We video-recorded participants during their neurological examination (including 
muscle strength and reflexes), and their SARA performances. We additionally 
measured vibration sensation of the first metacarpals and metatarsals. 

We assessed muscle strength using the Medical Research Council (MRC) grad-
ing scale. We tested the presence of tendon arm and leg reflexes and assessed the 
reflexes on a four-point scale, including absent (0), low (1), normal (2) or high (3). 

We quantified vibration sensation using a Rydel-Seiffer tuning fork, which has a 
measurement range of 0 to 8. For individuals under 40 years of age, metacarpal 
scores ≥6.5 and metatarsal scores ≥4.5 are regarded as normal.20

8



152 | CHAPTER 8

Three independent paediatric neurologists from the UMCG blindly and indepen-
dently assessed video-recordings according to the SARA guidelines. Before as-
sessment, the observers were not informed of the children’s personal characteristics 
(such as age, city of residence, school performance or parental education). We 
determined the inter-observer agreement of SARA scores. In previous studies, 
assessments by this team have been shown to be highly reliable, with a 1% differ-
ence in reproducibility by an international team of experts.17,18

We compared neurologic parameters between Peruvian and Dutch participants and 
also between participants from La Oroya and Concepción, Peru. We associated 
median SARA scores with age, gender, school performance and parental education 
level. Furthermore, in a subgroup of 14 children with previously available BLL’s 
(obtained during the industrial lead emission period in 200515), we associated the 
neurologic outcome parameters with the retrospective BLL outcomes, subdivided 
into: mildly toxic (3.0 - 5.0 μg/dL), moderately toxic (5.0 – 10.0 μg/dL) and severely 
toxic (≥10.0 μg/dL) subgroups. 

STATISTICAL ANALYSIS 
We performed statistical analysis using SPSS 22. We assessed normality of vibra-
tion sensation and median SARA scores by the Shapiro-Wilk test. We assessed 
inter-observer agreement of SARA scores by ICC and interpreted the results ac-
cording to Landis and Koch criteria; ICC <0.20: slight, from 0.21 to 0.40: fair, from 
0.41 to 0.60: moderate, from 0.61 to 0.80: substantial,  > 0.81: almost perfect.21 
We analysed differences in median vibration sensation and median SARA scores 
between the subgroups using an unpaired t-test or Mann-Whitney U test (when 
outcomes were not normally distributed). Using a multivariate regression analysis, 
we determined the influence of age, gender, school achievements, and parental 
educational achievements on SARA scores. 

Regarding the BLL’s, we compared BLL’s between La Oroya and Concepción using 
an unpaired t-test or Mann-Whitney U test (when outcomes were not normally 
distributed). Additionally, we compared vibration sensation and SARA scores 
between participants with known and unknown BLL’s by an unpaired t-test or 
Mann-Whitney U test (when outcomes were not normally distributed). Finally, we 
correlated BLL’s with median vibration sensation outcomes and median SARA 
scores using Pearson’s r or Spearman’s rho (when outcomes were not normally 
distributed). All statistical tests were two-sided. We considered a p value of <0.05 
as statistically significant.
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RESULTS

PARTICIPANT CHARACTERISTICS
Participant characteristics are summarized in Table I.

Table I. Participant characteristics from La Oroya, Peru, Concepción, Peru and 
Groningen, the Netherlands.

Concepción 
(n=42)

La Oroya 
(n=48)

Peru 
(n=90)

Groningen* 
(n=46)

Age (years)

   Range 8-31 8-31 8-31 8-33

   Mean (SD) 14.7 (4.6) 15.1 (4.7) 14.9 (4.6) 12.0 (2.6)

Gender, n (%)

   Female 19 (45.2) 35 (72.9) 54 (60.0) 26 (56.5)

   Male 23 (54.8) 13 (27.1) 36 (40.0) 20 (43.5)

School performance, n (%)

   90-100% 5 (11.9) 9 (18.8) 14 (15.6) 27 (58.7)

   80-89% 21 (50.0) 24 (50.0) 45 (50.0) 10 (21.7)

   70-79% 14 (33.3) 8 (16.7) 22 (24.4) 4 (8.7)

   60-69% 0 (0.0) 5 (10.4) 5 (5.6) 1 (2.2)

   <60 1 (2.4) 2 (4.2) 3 (3.3) 4 (8.7)

   Missing 1 (2.4) 0 (0.0) 1 (1.1) 0 (0.0)

Highest education achievement, 
mother, n (%)

   Higher education 7 (16.7) 7 (14.6) 14 (15.6) 39 (84.8)

   Vocational education 0 (0.0) 6 (12.5) 6 (6.7) 6 (13.0)

   Secondary education 24 (57.1) 24 (50.0) 48 (53.3) 0 (0.0)

   Other 10 (23.8) 11 (22.9) 21 (23.3) 0 (0.0)

   Missing 1 (2.4) 0 (0.0) 1 (1.1) 1 (2.2)

Highest education achievement, 
father, n (%)

   Higher education 11 (26.2) 8 (16.7) 19 (22.1) 38 (82.6)

   Vocational education 2 (4.8) 11 (22.9) 13 (14.4) 6 (13.0)

   Secondary education 19 (45.2) 25 (52.1) 44 (48.9) 0 (0.0)

   Other 8 (19.0) 2 (4.2) 10 (11.1) 0 (0.0)

   Missing 2 (4.8) 2 (4.2) 4 (4.4) 2 (4.3)

School performances are indicated as mean achievements; “other” education achievement was 
clarified as no education, some level of primary education, or incomplete secondary education; 
School performances and parental education achievement were significantly lower in the Peruvian 
cohort than in the Dutch cohort (p < 0.001); *Historic SARA data from Groningen.6
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NEUROLOGIC EXAMINATION
All participants revealed normal muscle strength, defined as MRC scale 5. Tendon 
reflexes were symmetrically present in all, except 4 Peruvian children [absence 
of  ³2 tendon (n=3) and/or foot sole (n=1) reflexes, from La Oroya (n=1) and Con-
cepción (n=3)]. 

QUANTITATIVE VIBRATION SENSATION MEASUREMENTS
Vibration sensation values in all groups were not normally distributed (p< 0.001). 
Median metacarpal and metatarsal vibration sensation of Peruvian subjects (6.5 
and 6.0, respectively) were significantly lower than median vibration sensation of 
age-matched control subjects from Groningen (7.3 and 7.1, respectively; p<0.001). 
Comparing vibration sensation between La Oroya and Concepción revealed no 
significant differences for metacarpal and metatarsal values (p> 0.05), see Table II. 

Table II. Vibration sensation and SARA outcomes per subgroup.
Concepción 

(n=42)
La Oroya 

(n=48)
Peru 

(n=90)
Groningen* 

(n=46)

Vibration sensation

Bilateral metacarpal
   Range
   Median 

5.3 – 7.5
6.5 

3.3 – 7.5
6.5 

3.3 – 7.5
6.5 

6.3 – 7.8
7.3

Bilateral metatarsal
   Range
   Median 

3.5 – 7.8
6.3 

2.3 – 7.5
6.0 

2.3 – 7.8
6.0 

4.8 –8.0
7.1

SARA 

Total scores
   Range
   Median 

0 – 3.5
.5 

0 – 2.0
.5 

0 – 3.5
.5 

0 – 1.5
0 

Gait sub-scores
   Range
   Median 

0 – 1.0
0 

0 – 1.0
0 

0 – 1.0
0 

0 – 1.0
0 

Kinetic sub-scores
   Range
   Median 

0 – 2.5
.5 

0 – 2.0
.5 

0 – 2.5
.5 

0 – 1.5
0 

SARA = Scale for the Assessment and Rating of Ataxia; SARA speech sub-scores revealed an 
optimal score of zero in all groups and were therefore excluded from this table; *Paediatric SARA 
data from Groningen6
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QUANTITATIVE SARA SCORES
SARA scores in all subgroups were not normally distributed (p< 0.001). The inter-
observer agreement for total SARA scores was significant, with an ICC of 0.69 and 
0.68 (“substantial”) for children from La Oroya and Concepción, respectively. Pe-
ruvian participants revealed significantly higher total SARA scores (median = 0.5) 
than Dutch controls (median = 0; p<0.001). SARA scores of participants from La 
Oroya and Concepción revealed no significant differences (p>0.05), see Table II. 
For comparison of age-related SARA scores in Peruvian and Dutch participants, 
see Figure 1. There were no significant effects of gender, school performances or 
parental education on the SARA scores.

Figure 1. Median total SARA scores related to age

 
Participants from La Oroya and Concepción scored persistently higher than healthy Dutch con-
trols (p<0.001).

BLOOD LEAD LEVELS
In 14 of 90 Peruvian participants (La Oroya: n=4, Concepción: n=10), previously 
obtained BLL’s were available.15 In all 14 participants, previously obtained BLL’s 
exceeded the threshold for moderate toxicity (range: 5.40 – 47.00 μg/dL), see 
supplementary Table I. Median BLL’s of La Oroya (28.50 μg/dL) and Concepción 
(7.55 μg/dL) were characterized as severely and moderately toxic, respectively. 
Comparing BLL’s between La Oroya and Concepción revealed significantly higher 
toxic values in the former (p= 0.007). Comparing vibration sensation and total 
SARA scores between participants with retrospectively available and unavailable 
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BLL’s revealed no significant differences (p> 0.05). The extent of BLL toxicity 
was also not correlated with total SARA scores (p> 0.05).

DISCUSSION

Five years after the cessation of toxic industrial lead emission, we evaluated whether 
previous lead exposure still induces a prolonged neurologic effect. Peruvian children 
and young adults from lead intoxicated areas revealed significantly impaired vibration 
sensation and SARA scores compared to control children from a non-polluted area. 

In the presently investigated Peruvian cohort, previously proven toxic BLL’s had 
assisted in the temporary closure of a local lead smelter in 2009. Recently, the fac-
tory has been partially re-opened, with emission restrictions to prevent further en-
vironmental pollution. In this Peruvian area, we aimed to evaluate whether previ-
ously proven chronic lead toxicity could exert a prolonged neurologic effect. Our 
outcomes revealed significantly lower vibration sensation and higher (less optimal) 
SARA scores in comparison to the Dutch control participants and international norm 
values.6,18,22 As vibration sensation quantitatively reflects the functional sensory nerve 
conduction of the dorsal columns, these outcomes appear indicative of a chronic 
neurologic effect, even years after lead exposure has subsided.23 The toxic impact 
of lead can be theoretically explained by the substitution of calcium by lead within 
neurons. This may cause various cellular dysfunctions, including the induction of 
apoptosis, alterations in neurotransmitter release and receptors, and axonal degenera-
tion or demyelination (by affecting Schwann cells).24,25 

Analogous to impaired vibration sensation, Peruvian participants also revealed con-
sistently higher SARA scores than unexposed controls.6,18 In addition to impaired 
sensory nerve conduction of the dorsal columns, these differences could also be 
attributed to sub-optimal cerebellar functioning in association with lead accumula-
tion.26 Despite higher (worse) SARA outcomes, most Peruvian SARA scores still 
remained within the 95% prediction interval of norm values.18 However, this appears 
attributable to the wide confidence intervals of the control group,18 since Peruvian 
SARA scores are consistently higher at all ages. Thus, although Peruvian SARA 
scores are not assigned to “ataxic” domains, the persistently higher (worse) scores 
are attributable to the domain of sub-clinically impaired coordination. 

Altogether, five years after significant restriction of previous lead exposure, our 
results implicate persistent, sub-clinical impairment of neuronal parameters. 
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Interestingly, our outcomes did not reveal a direct association between previously 
measured BLL’s (from 2005), the extent of quantitatively reduced vibration sensa-
tion, and/or quantitatively increased SARA scores. As the latency interval between 
the previously measured BLL’s and the present data collection was nine years, this 
inconsistency could theoretically be attributed to the difference in chronic, time-
weighted BLL’s and the actual BLL measurement.28 Furthermore, other studies 
have also reported absent associations between BLL’s and motor outcomes.8-12,28-31 
Concerning vibration sensation, previous studies have described an association be-
tween impaired vibration sensation and BLL’s above 10μg/dL.8,12,30,31 However, for 
intermediate BLL’s between 3-10μg/dL, such data are lacking.  While in the present 
study 57% of the included children with known BBL’s had revealed a BLL within 
this domain, we cannot automatically assume a direct relationship between BLL’s 
and vibration sensation. 

We recognize several limitations to the present study. As the current clinical evalua-
tion concerned a follow-up study of the 2005 Serrano et al. study,15 we did not obtain 
permission for invasive procedures, such as up-to-date blood sample measurements 
per subject. Since we had agreed with the Peruvian medical ethical committee to 
invite potential subjects for inclusion anonymously, we were also unable to specifi-
cally include the same persons in whom the BLL’s had been measured in 2005. How-
ever, in all 14/14 Peruvian subjects, from both La Oroya and Concepción, in whom 
we were able to trace previous BLL’s, all BLL’s were within the toxic range. Since 
these subjects, analogous to the other included subjects, had lived their entire lives 
in the investigated areas and, as the BLL’s from this “sample” of 14 persons did not 
significantly differ from the original cohort, we would suggest that this “sample” of 14 
persons could be taken as representative of the presently included study group. Fur-
thermore, we are also aware that we did not have permission to extend our research 
to other Peruvian rural areas. However, both vibration sensation and SARA scores 
have been shown to reveal very robust results independent of different geographic 
and socio-economic factors.6,18,20 

In conclusion, five years after the restriction of industrial lead emission, our data 
indicate that previous toxic lead exposure has a prolonged neurologic effect, inde-
pendent of the severity of the BLL’s. We hope that functional neurologic insight into 
the persistent effects of lead exposure and public awareness may contribute to sup-
porting strong, international recommendations for the protection of the vulnerable 
nervous system of developing children.

8
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Supplementary Table I. Participant’s blood lead level values from 2005.
Concepción

(n=10)
La Oroya

(n=4)
Peru

(n=14)

Range (μg/dL) 5.40 – 22.00 16.00 – 47.00 5.40 – 47.00

Median (μg/dL) 7.55 28.50 8.75

Blood Lead Levels (BLL’s) of 14 participants of the present study were known by Serrano et al.15 
All BLL’s were in the toxic range (>5 ug/dL).

8




	Chapter 8

