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Abstract

Menkes disease is an X-linked recessive disorder of brain copper metabolism caused by mutations 

in an essential mammalian copper transport gene, ATP7A. Untreated affected individuals suffer 

failure to thrive and neurodevelopmental delays that usually commence at 6 to 8 weeks of age. 

Death by age three years is typical. While provision of working copies of ATP7A to the brain by 

viral vectors is a promising strategy under development, the only treatment currently available is 

subcutaneous copper injections. These can normalize circulating blood levels and may replete 

brain copper depending on the molecular context, e.g., the severity of ATP7A mutation, and 

presence of mosaicism. In this paper, we summarize somatic growth and neurodevelopmental 

outcomes for 60 subjects enrolled in a recently concluded phase I/II clinical trial of copper 

histidine for Menkes disease (ClinicalTrials.gov Identifier: NCT00001262). Primary outcomes 

indicate highly statistically significant improvements in gross motor, fine motor/adaptive, 

personal-social, and language neurodevelopment in the cohort of subjects who received early 

treatment prior to onset of symptoms (n=35). Correlating with these findings, quantitative 

parameters of somatic growth indicated statistically significant greater growth in head 

circumference for the initially asymptomatic group, whereas weight and height/length at age three 

years (or at time of death) did not differ significantly. Mortality at age 3 was higher (50%) in 

subjects older and symptomatic when treatment commenced compared to the asymptomatic group 

(28.6%). We conclude that early copper histidine for Menkes disease is safe and efficacious, with 

treatment outcomes influenced by the timing of intervention, and ATP7A mutation.
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Introduction

Successful management of orphan pediatric neurometabolic diseases is often complicated by 

difficulty in the early diagnosis and institution of effective therapy before irrevocable brain 

damage. Without reliable newborn screening to detect asymptomatic affected infants, early 

diagnosis relies upon a high index of suspicion based on positive family history, or astute 

clinical judgment by neonatal care providers.

Menkes disease, an X-linked recessive disorder of brain copper metabolism, is one such 

condition for which early diagnosis is crucial for any prospect of meaningful long-term 

outcome. First described in 1962 [1], the illness is caused by mutations in a highly 

evolutionarily conserved copper-transporting P-type ATPase, ATP7A [2–5]. Treatment for 

Menkes disease with copper replacement was first suggested by Danks et al. [6] and has 

been applied by others [7–12]. Clinical outcomes in response to various copper regimens 

have been mixed, however, and the need for alternative or supplemental remedies has been 

cited [13–15].

In a Phase I/II clinical trial (ClinicalTrials.gov Identifier: NCT00001262), we evaluated the 

effects of a specific copper treatment regimen on neurodevelopment and somatic growth in 

60 patients with a proven diagnosis of Menkes disease.

Materials and Methods

Patients

Fifty-seven individuals identified as having classic Menkes disease based on evidence of 

disturbed copper transport, including biochemical findings of reduced dopamine-beta-

hydroxylase activity [16,17] and clinical stigmata of reduced lysyl oxidase activity [18–22] 

were enrolled in a National Institutes Health protocol (ClinicalTrials.gov Identifier: 

NCT00001262) with the informed consent of their parents or legal guardians. The subjects 

were followed at 4 to 6 month intervals by a single investigator, and for up to three years. 

Subjects were grouped into two main categories: early treatment, beginning at less than 1 

month of age (N=35), and patients whose treatment commenced later, and after appearance 

of symptoms (N=22). We also studied three older subjects with milder Menkes disease 

phenotypes.

Copper Histidine Treatment

Patients received daily subcutaneous injections of copper histidine (Food and Drug 

Administration Investigational New Drug 34,166; holder, S.G. Kaler; prepared by the 

National Institutes of Health Pharmaceutical Development Service) for up to three years, as 

previously described [12,14].

Denver Developmental Screening Test

We assessed neurodevelopment by administration of the Denver Developmental Screening 

Test to quantify gross motor, fine motor-adaptive, personal-social, and language 

development during serial visits to the National Institute of Health Clinical Center for a 

duration of up to three years (depending on survival).
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Growth Measurements

We measured weight, length, and head circumference during serial visits to the National 

Institute of Health Clinical Center for durations of up to three years (depending on survival).

ATP7A Mutation Analysis

We performed ATP7A mutation analysis using reverse transcription-polymerase chain 

reaction (RT-PCR) and manual sequencing as described [23], or polymerase chain reaction 

of genomic DNA and automated DNA sequencing (NINDS Sequencing Facility, James 

Nagle, Ph.D., Director), as described [24].

Statistical Analysis

Two-tailed Student t-tests were performed to compare outcome parameters between Group I 

(N=22) and Group II (N=35). P values less than 0.05 were considered statistically 

significant.

Results and Discussion

The neurodevelopmental levels achieved by age three years (or by time of death), and the 

weight, length, and head circumference percentiles for each subject at completion of the 

trial, relative to age- and gender-matched healthy controls, are tabulated in Table 1. We 

found statistically significant increases in all four major spheres of neurodevelopment (gross 

motor, fine motor-adaptive, personal-social, and language) in the earlier treated subjects 

(Group II). In terms of somatic growth, only occipitofrontal circumference (OFC) was 

significantly greater in Group II (P=0.0009). Death by age three years occurred more 

frequently (50%) among patients who had already developed signs and symptoms by the 

time of enrollment in the copper treatment trial (Group I), versus 28.6% among patients 

asymptomatic at entry (Group II).

Menkes disease is caused by mutations in a highly conserved copper-transporting ATPase, 

ATP7A [5]. Responses to early copper replacement treatment for this illness have been 

reported previously, with the observation that patients with ATP7A mutations retaining some 

capacity for copper transport generally have the most favorable prospect for successful 

neurological outcomes [13,14, 25–28]. Our tabulation of these 60 subjects, some of whom 

were previously reported in various other contexts [12,14,17–23,25–30], confirms this 

impression.

The cumulative data presented here also reinforce the concept that early copper treatment, 

prior to appearance of signs and symptoms, is often associated with partial clinical benefit 

regardless of the underlying ATP7A mutation. We previously documented that early 

diagnosis and treatment improved brain electrical activity and decreased seizure occurrence 

in classical Menkes disease, irrespective of the precise molecular defect [30]. These and 

other more subtle desirable outcomes, such as normal head growth (reflecting normal brain 

growth) (Table 1), highlight the importance of effective Menkes disease newborn screening, 

which will likely require molecular approaches.
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The relatively high rate of under-three mortality for this orphan disease regardless of when 

copper injection treatment is initiated also indicates the need for supplemental therapeutic 

approaches. These include viral gene therapy, which aims to provide working copies of 

ATP7A to the brains of affected subjects, which appears quite promising in preclinical 

animal model studies [15,31].

Acknowledgments

The work reported herein was carried out at the NIH Clinical Center and funded by the Intramural Research 
Programs of NICHD and NINDS, and grants from the International Copper Association, and Children’s National 
Medical Center, Washington, DC.

We gratefully acknowledge the patients and their parents for participating in this clinical trial, the NIH Clinical 
Center Nursing Staff and Maryellen Rechen RN BSN for expert patient care, Courtney Holmes MT for neonatal 
neurochemical testing which enabled enrollment of the majority of asymptomatic subjects (Group II), and members 
of the Kaler laboratory and the international copper research community for their insights, knowledge, and personal 
support.

References

1. Menkes JH, Alter M, Steigleder GK, Weakley DR, Sung JH. A sex-linked recessive disorder with 
retardation of growth, peculiar hair, and focal cerebral and cerebellar degeneration. Pediatrics. 1962; 
29:764–779. [PubMed: 14472668] 

2. Chelly J, Tumer Z, Tønnesen T, Petterson A, Ishikawa-Brush Y, Tommerup N, et al. Isolation of a 
candidate gene for Menkes disease that encodes a potential heavy metal binding protein. Nat Genet. 
1993; 3:14–19. [PubMed: 8490646] 

3. Mercer JF, Livingston J, Hall B, Paynter JA, Begy C, Chandrasekharappa S, et al. Isolation of a 
partial candidate gene for Menkes disease by positional cloning. Nat Genet. 1993; 3:20–25. 
[PubMed: 8490647] 

4. Vulpe C, Levinson B, Whitney S, Packman S, Gitschier J. Isolation of a candidate gene for Menkes 
disease and evidence that it encodes a copper-transporting ATPase. Nat Genet. 1993; 3:7–13. 
[PubMed: 8490659] 

5. Kaler SG. ATP7A-related copper transport diseases-emerging concepts and future trends. Nat Rev 
Neurol. 2011; 7:15–29. [PubMed: 21221114] 

6. Danks DM, Campbell PE, Walker-Smith J, Stevens BJ, Gillespie JM, Blomfield J, Turner B. 
Menkes’ kinky hair syndrome. Lancet. 1972; 1:1100–1102. [PubMed: 4112576] 

7. Debaken AS, Steusing JK. Menkes’ kinky hair disease treated with subcutaneous copper sulphate. 
Lancet. 1974; 2:1523.

8. Grover WD, Scrutton MC. Copper therapy in trichopoliodystrophy. J Pediatr. 1975; 86:216–220. 
[PubMed: 1111684] 

9. Nadal D, Baerlocher K. Menkes’ disease: longterm treatment with copper and d-penicillamine. Eur J 
Pediatr. 1988; 147:621–625. [PubMed: 3181204] 

10. Sherwood G, Sarkar B, Sass-Kortsak A. Copper histidinate therapy in Menkes’ disease. Prevention 
of progressive neurodegeneration. J Inher Metab Dis. 1989; 12 (Suppl 2):393–396. [PubMed: 
2512453] 

11. Kodama H. Recent developments in Menkes disease. J Inher Metab Dis. 1993; 16:791–799. 
[PubMed: 8412022] 

12. Kaler SG, Buist NRM, Holmes CS, Goldstein DS, Miller RC, Gahl WA. Early copper therapy in 
classic Menkes disease patients with a novel splicing mutation. Ann Neurol. 1995; 38:921–928. 
[PubMed: 8526465] 

13. Kaler SG. Menkes disease mutations and response to early copper histidine treatment. Nat Genet. 
1996; 13:21–22. [PubMed: 8673098] 

14. Kaler SG, Holmes CS, Goldstein DS, Tang JR, Godwin SC, Donsante A, et al. Neonatal diagnosis 
and treatment of Menkes disease. N Engl J Med. 2008; 358:605–614. [PubMed: 18256395] 

Kaler Page 4

J Trace Elem Med Biol. Author manuscript; available in PMC 2015 October 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



15. Donsante A, Yi L, Zerfas P, Brinster L, Sullivan P, Goldstein DS, et al. ATP7A gene addition to 
the choroid plexus results in long-term rescue of the lethal copper transport defect in a Menkes 
disease mouse model. Mol Ther. 2011; 19:2114–2123. [PubMed: 21878905] 

16. Kaler SG, Goldstein DS, Holmes C, Salerno JA, Gahl WA. Plasma and cerebrospinal fluid 
neurochemical pattern in Menkes disease. Ann Neurol. 1993; 33:171–175. [PubMed: 8434878] 

17. Kaler SG, Gahl WA, Berry SA, Holmes CS, Goldstein DS. Predictive value of plasma 
catecholamine levels in neonatal detection of Menkes disease. J Inher Metab Dis. 1993; 16:907–
908. [PubMed: 8295415] 

18. Kaler SG, Westman JA, Bernes SM, Elsayed AM, Bowe CM, Freeman KLB, et al. Gastrointestinal 
hemorrhage associated with gastric polyps in Menkes disease. J Pediatr. 1993; 122:93–95. 
[PubMed: 8419622] 

19. Grange DK, Kaler SG, Albers GM, Petterchak JA, Thorpe CM, deMello DE. Severe bilateral 
panlobular emphysema and pulmonary arterial hypoplasia: unusual manifestations of Menkes 
disease. Am J Med Genet. 2005; 139:151–155. [PubMed: 16278898] 

20. Godwin SC, Shawker T, Chang M, Kaler SG. Brachial artery aneurysms in Menkes disease. J 
Pediatr. 2006; 149:412–415. [PubMed: 16939759] 

21. Price D, Ravindranath T, Kaler SG. Internal jugular phlebectasia in Menkes Disease. Int J Pediatr 
Otorhinolarygol. 2007; 71:1145–1148.

22. Hicks JD, Donsante A, Pierson TM, Gillespie MJ, Kaler SG. Increased frequency of congenital 
heart defects in Menkes disease. Clin Dysmorphol. 2012; 21:59–63. [PubMed: 22134099] 

23. Kaler SG, Gallo LK, Proud VK, Percy AK, Mark Y, Segal NA, et al. Occipital horn syndrome and 
a mild Menkes phenotype associated with splice site mutations at the MNK locus. Nat Genet. 
1994; 8:195–202. [PubMed: 7842019] 

24. Liu P-C, McAndrew PE, Kaler SG. Rapid and robust screening of the Menkes disease/occipital 
horn syndrome gene. Genetic Testing. 2002; 6:255–260. [PubMed: 12537648] 

25. Liu PC, Chen YW, Centeno J, Quesado M, Lem KE, Kaler SG. Downregulation of myelination, 
energy, and translational genes in Menkes disease brain. Molec Genet Metab. 2005; 85:291–300. 
[PubMed: 15923132] 

26. Kaler SG, Das S, Levinson B, Goldstein DS, Holmes CS, Patronas NJ, et al. Successful early 
copper therapy in Menkes disease associated with a mutant transcript containing a small in-frame 
deletion. Biochem Mol Med. 1996; 57:37–46. [PubMed: 8812725] 

27. Tang J, Donsante A, Desai V, Patronas N, Kaler SG. Clinical outcomes in Menkes disease patients 
with a copper-responsive ATP7A mutation, G727R. Mol Genet Metab. 2008; 95:174–181. 
[PubMed: 18752978] 

28. Kaler SG, Tang JR, Donsante A, Kaneski C. Translational read-through of a nonsense mutation in 
ATP7A. Ann Neurol. 2009; 65:108–113. [PubMed: 19194885] 

29. Kaler SG, Liew CJ, Donsante A, Hicks JD, Sato S, Greenfield JC. Molecular correlates of epilepsy 
in early diagnosed and treated Menkes disease. J Inher Metab Dis. 2010; 33:583–589. [PubMed: 
20652413] 

30. Desai V, Donsante A, Swoboda KJ, Martensen M, Thompson J, Kaler SG. Favorably skewed X-
inactivation accounts for neurological sparing in female carriers of Menkes disease. Clin Genet. 
2011; 79:176–182. [PubMed: 20497190] 

31. Haddad MR, Donsante A, Zerfas P, Kaler SG. Fetal mouse brain-directed AAV gene therapy 
results in rapid, robust, and persistent transduction of choroid plexus epithelia. Mol Ther Nucleic 
Acids. 2013 Jun 25.2:e101.10.1038/mtna.2013.27 [PubMed: 23799375] 

Kaler Page 5

J Trace Elem Med Biol. Author manuscript; available in PMC 2015 October 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Kaler Page 6

T
ab

le
 1

N
eu

ro
de

ve
lo

pm
en

ta
l O

ut
co

m
es

 a
nd

 G
ro

w
th

 a
t 3

6 
m

os
 o

f 
ag

e 
(o

r 
at

 D
ea

th
) 

af
te

r 
C

op
pe

r 
H

is
tid

in
e 

T
re

at
m

en
t i

n 
M

en
ke

s 
di

se
as

e.

Su
bj

ec
t

G
ro

ss
 m

ot
or

 (
m

os
)

F
in

e 
m

ot
or

 (
m

os
)

P
er

so
na

l s
oc

ia
l (

m
os

)
L

an
gu

ag
e 

(m
os

)
W

ei
gh

t 
(c

en
ti

le
)

L
en

gt
h 

(c
en

ti
le

)
O

F
C

 (
ce

nt
ile

)
A

T
P

7A
 m

ut
at

io
n

D
ea

th
 ≤

3 
yr

s

G
ro

up
 I

I-
01

26
3

4
6

6
0

0
0

IV
S8

 A
S 

du
p5

I-
02

26
2

2
2

2
0

0
0

IV
S8

 A
S 

du
p5

I-
03

18
,2

8
1

1
1

1
10

0
25

R
20

1X
D

I-
04

12
2

2
2

3
0

0
0

Q
72

4H

I-
05

1
1

1
2

0
0

10
41

95
de

l4
D

I-
06

1
1

1
1

10
5

10
29

26
/7

G
G

>
T

T
D

I-
07

1
1

1
1

15
10

0
29

26
/7

G
G

>
T

T
D

I-
08

1
2

1
1

0
40

0
IV

S6
 D

S,
+

1g
>

a
D

I-
09

2
2

1
1

15
15

25
N

D
D

I-
10

2
2

1
2

0
0

0
D

el
 e

xo
n 

1

I-
11

10
1

1
2

5
50

15
22

33
 d

el
T

I-
12

6
8

15
12

50
0

0
A

62
9P

I-
13

2
3

10
10

0
0

5
G

72
8D

I-
14

5
2

5
4

0
0

0
N

D
D

I-
15

1
4

5
5

3
60

10
Q

72
4X

I-
16

2
2

1
1

0
10

25
IV

S2
1 

A
S 

-1
, 

G
>

A
D

I-
17

2
3

4
5

50
50

40
IV

S1
2 

D
S 

+
1,

 
g>

a
D

I-
18

27
2

2
4

2
50

75
50

G
72

7R
D

I-
19

1
4

5
3

5
5

5
R

20
1X

I-
20

4
1

2
1

10
5

0
S4

87
X

I-
21

2
1

1
2

25
15

25
Q

84
3X

D

I-
22

1
4

4
4

0
0

0
N

D

M
ea

n
2.

45
5

2.
40

9
3.

36
4

3.
22

7
11

.2
73

15
.4

55
11

.1
36

11
 o

f 
22

SD
2.

15
4

1.
65

2
3.

49
9

2.
94

3
17

.0
97

23
.1

92
14

.5
51

50
%

J Trace Elem Med Biol. Author manuscript; available in PMC 2015 October 01.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Kaler Page 7

Su
bj

ec
t

G
ro

ss
 m

ot
or

 (
m

os
)

F
in

e 
m

ot
or

 (
m

os
)

P
er

so
na

l s
oc

ia
l (

m
os

)
L

an
gu

ag
e 

(m
os

)
W

ei
gh

t 
(c

en
ti

le
)

L
en

gt
h 

(c
en

ti
le

)
O

F
C

 (
ce

nt
ile

)
A

T
P

7A
 m

ut
at

io
n

D
ea

th
 ≤

3 
yr

s

G
ro

up
 I

I

II
-0

112
12

15
15

10
5

0
10

Q
72

4H

II
-0

217
,3

0
5

4
6

7
0

0
5

W
11

87
X

D

II
-0

312
2

3
2

2
0

0
40

Q
72

4H
D

II
-0

426
36

36
36

36
0

0
60

IV
S8

 A
S 

du
p5

II
-0

530
5

4
4

4
0

0
0

IV
S7

 A
S 

-1
G

>
C

II
-0

628
36

36
36

36
25

15
50

R
20

1X

II
-0

730
13

15
24

20
50

10
75

Q
19

7X

II
-0

819
,3

0
4

4
4

5
0

0
0

K
10

37
N

D

II
-0

925
3

3
5

5
0

0
50

D
el

 e
xo

n 
1

D

II
-1

014
4

6
6

8
5

10
75

27
57

/8
 d

el
A

G
D

II
-1

114
12

16
24

16
0

0
0

G
66

6R

II
-1

214
,3

0
7

11
13

8
50

5
50

D
el

 e
xo

n 
7-

19

II
-1

314
4

21
15

12
0

20
25

D
el

 e
xo

n 
1

II
-1

4
3

3
5

4
5

5
50

IV
S7

 A
S 

-1
, G

>
C

II
-1

514
36

36
36

33
40

25
40

IV
S9

 D
S 

+
6 

t>
g

II
-1

614
24

30
28

27
80

15
50

39
36

/7
 d

el
T

II
-1

714
2

2
2

2
0

5
0

30
61

 d
el

 T

II
-1

814
34

36
36

32
20

10
40

G
66

6R

II
-1

921
3

2
4

3
0

5
0

IV
S1

1 
SA

 -
1,

 
G

>
A

II
-2

020
30

30
32

24
0

75
25

N
D

II
-2

114
12

16
15

14
0

0
0

de
l 4

24
6-

42
60

II
-2

214
1

1
1

1
10

25
0

Q
13

83
X

D

II
-2

314
2

4
3

6
0

10
0

30
61

 d
el

 T

II
-2

421
,2

7
30

30
38

30
0

0
60

G
72

7R

II
-2

514
,3

0
2

4
3

4
25

10
0

D
el

 e
x 

20
-2

3

II
-2

629
,3

0
1

1
2

1
5

5
50

D
el

 e
x 

13
-1

4
D

J Trace Elem Med Biol. Author manuscript; available in PMC 2015 October 01.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Kaler Page 8

Su
bj

ec
t

G
ro

ss
 m

ot
or

 (
m

os
)

F
in

e 
m

ot
or

 (
m

os
)

P
er

so
na

l s
oc

ia
l (

m
os

)
L

an
gu

ag
e 

(m
os

)
W

ei
gh

t 
(c

en
ti

le
)

L
en

gt
h 

(c
en

ti
le

)
O

F
C

 (
ce

nt
ile

)
A

T
P

7A
 m

ut
at

io
n

D
ea

th
 ≤

3 
yr

s

II
-2

730
11

15
17

24
5

5
50

IV
S1

5 
D

S 
-1

, 
G

>
A

D

II
-2

8
24

28
34

30
50

5
90

D
el

 e
xo

n 
1

II
-2

922
10

14
19

17
0

0
0

L
62

5X
D

II
-3

021
15

18
24

20
3

5
25

D
el

 e
x 

2-
14

II
-3

1
24

28
24

32
5

5
50

10
20

 d
up

5

II
-3

227
32

34
38

34
10

10
50

G
72

7R

II
-3

3
2

3
3

2
5

5
25

N
D

D

II
-3

4
24

28
32

20
25

5
60

D
el

 2
-2

3

II
-3

5
16

30
32

24
0

0
60

D
el

 e
xo

n 
1

M
ea

n
13

.7
43

16
.2

00
17

.6
57

15
.8

00
12

.0
86

8.
28

6
33

.2
86

10
 o

f 
35

SD
12

.2
00

12
.7

62
13

.4
82

12
.0

34
19

.5
89

13
.5

01
27

.0
60

28
.6

%

P
 v

al
ue

s:
 

G
ro

up
 I

 v
 

II

<
 0

.0
00

1
<

 0
.0

00
1

<
 0

.0
00

1
<

 0
.0

00
1

0.
87

35
0.

14
53

0.
00

09

G
ro

up
 I

II

II
I-

01
23

27
32

35
31

15
75

50
S8

33
G

II
I-

02
10

15
12

20
0

10
0

N
D

II
I-

03
23

10
6

6
12

0
0

5
IV

S2
1 

D
S 

+
3,

 a
>

t

M
ea

n
15

.6
67

17
.6

67
17

.6
67

21
.0

00
5.

00
0

28
.3

33
18

.3
33

0 
of

 3

SD
9.

81
5

13
.2

04
15

.3
08

9.
53

9
8.

66
0

40
.7

23
27

.5
38

0%

G
ro

up
 I

: C
op

pe
r 

hi
st

id
in

e 
tr

ea
tm

en
t b

eg
in

ni
ng

 a
ft

er
 1

 m
on

th
 o

f 
ag

e 
an

d 
on

se
t o

f 
sy

m
pt

om
s.

 G
ro

up
 I

I:
 C

la
ss

ic
 M

en
ke

s 
di

se
as

e:
 C

op
pe

r 
hi

st
id

in
e 

tr
ea

tm
en

t b
eg

in
ni

ng
 w

ith
in

 1
 m

on
th

 o
f 

ag
e.

 G
ro

up
 I

II
: 

M
ild

er
 v

ar
ia

nt
s 

of
 M

en
ke

s 
di

se
as

e:
 C

op
pe

r 
hi

st
id

in
e 

tr
ea

tm
en

t b
eg

in
ni

ng
 la

te
 a

ft
er

 o
ns

et
 o

f 
(m

ild
er

) 
sy

m
pt

om
s.

 D
=

de
ce

as
ed

; N
D

=
no

t d
et

er
m

in
ed

. S
up

er
sc

ri
pt

s 
re

fe
r 

to
 p

re
vi

ou
s 

re
po

rt
s 

(s
ee

 R
ef

er
en

ce
s)

 in
 

w
hi

ch
 th

e 
re

sp
ec

tiv
e 

su
bj

ec
ts

 w
er

e 
in

cl
ud

ed
.

J Trace Elem Med Biol. Author manuscript; available in PMC 2015 October 01.


