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Improving the ACGIH threshold limit
value (TLV) process
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Abstract
The intent of this manuscript is to elucidate needed improvements in American Conference of Governmental Industrial
Hygienists (ACGIH) threshold limit value (TLV) deliberations. More broadly, irreproducibility and bias adversely impact
the collection, interpretation, statistical analysis, presentation, and reporting of results in many fields. In 2012, Begley and
Ellis reported that scientists at Amgen had attempted to confirm published findings related to research topics of possible
interest to Amgen. Fifty-three papers were deemed “landmark” studies. The authors were “shocked” when scientific
findings were confirmed in only 6 (11%) cases. Many studies have confirmed that the peer-reviewed literature in bio-
medicine is in the midst of an irreproducibility crisis. Compounding the irreproducibility crisis is the existence of a sig-
nificant bias against the publication of negative results. In the toxicology setting, negative toxicity test results are
infrequently published as compared with reports that a chemical possesses a particular toxicity in a given test. Despite
these deficiencies, the ACGIH states that “ . . . the TLV®-CS Committee preferably relies on published, peer reviewed
literature available in the public domain.” The primarily academic studies published in the peer-reviewed literature upon
which ACGIH relies to determine TLVs rarely report raw data not already statistically transformed that are thus
incalculable. In contrast, consideration of unpublished studies funded by industry, the vast majority of which are good
laboratory practice-conducted contract lab studies, is only acceptable to ACGIH if the data owner provides the raw data
to third parties upon request. This asymmetry in both the source of data emphasized, and inability to independently
statistically analyze findings reported in the published academic literature, introduces a strong skew toward reliance on
unverifiable although published measurements in the TLV process. Since Occupational Safety and Health Administration
(OSHA) recommends that workplaces rely on ACGIH TLVs and National Institute for Occupational Safety and Health
recommended exposure limits rather than older OSHA permissible exposure limit values to optimize worker safety,
ACGIH should adopt a more transparent and science-based process.
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Widespread irreproducibility of
peer-reviewed published research results

Striving for complex procedural reproducibility predates

modern science as apprenticeship in the medieval trades

was based on the passing down of established methods and

techniques from master to apprentice,1 with similar systems

extant in all of the civilizations of antiquity characterized

by sophisticated infrastructure. Within the context of the

scientific method, the reproducibility of research results
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has been an issue for many years. The first modern chemist,

Robert Boyle (1627–1691), is credited as the first person to

formally assert that knowledge should be founded on

experimentally produced facts. According to Boyle, the

relevant facts were believable to the scientific community

because they were reproducible.2 In 1934, Karl Popper

noted that “non-reproducible single occurrences are of no

significance to science.”3 In 1935, the British statistician

Ronald Fischer stated that “we may say that a phenomenon

is experimentally demonstrable when we know how to

conduct an experiment which will rarely fail to give us

statistically significant results.”4 The historical primacy

of the necessity of reproducibility illustrates its place as a

foundational concept in modern science.

In 2012, Begley and Ellis5 reported that scientists in the

hematology and oncology department at Amgen had over

the period of a decade attempted to confirm the published

findings related to particular research topics of possible

interest to Amgen. Fifty-three papers were deemed

“landmark” studies and acknowledged that some of the

data might not “holdup” because papers were deliberately

selected that described something new, for example, “fresh

approaches to targeting cancers or alternative clinical uses

for existing therapeutics.” These authors described them-

selves as shocked when scientific findings were confirmed

in only six (11%) cases. In summary, the state-of-the-art

laboratories at Amgen could only repeat 6 of the 53 report-

edly landmark preclinical cancer studies.

A similar lack of reproducibility has been reported in

disciplines far afield from cancer biology, for example, in

experimental psychology. Concerns about low reproduci-

bility rates, in psychology studies, led Wicherts et al.6 to

evaluate the feasibility of obtaining raw data for the pur-

pose of recalculation. These authors identified 141 authors

who had published in American Psychology Association

(APA) journals and asked them to share their data. After

6 months, only 38 (27%) authors had responded. Wicherts

and Bakker7 recommended that researchers publish their

underlying data, and these authors provided a demonstra-

tion of how to do so. Undeterred by the unenthusiastic

response encountered by Wicherts et al.,6 Vanpaemel

et al.8 published a follow-up study in which 246 of 394

(62%) contacted authors of papers in APA journals did not

share their data. An open science collaboration among 270

researchers from around the world used “high-powered

designs and original materials” to conduct replications of

100 experimental and correlational studies published in

three psychology journals. The analysis showed that the

reported effect size declined by half. While 97% of the

original studies reported their results as statistically signif-

icant, only 37% of replications showed statistically signif-

icant effects.9

The replicability problem elucidated by Amgen is such a

generalizable phenomenon that the July 6, 2016 edition of

the prestigious journal Nature was devoted to “Challenges

in irreproducible research.” In an uncredited introduction to

the July 6, 2016 edition,10 the editors at Nature note that

“There is growing alarm about results that cannot be

reproduced.” In support of this contention, the editors con-

ducted a survey and found that two-third of the 1576

researchers who responded thought that there was a repro-

ducibility problem in science.10,11 A number of different

factors have been hypothesized to underlie the low repro-

ducibility rates including pressure to publish, selective

reporting of research results, improper selection and appli-

cation of statistical tests, fragility of protocol designs, inad-

equate description of methods, and failure to show all of the

relevant data.11 Despite these deficiencies, the American

Conference of Governmental Industrial Hygienists

(ACGIH) states that “ . . . the TLV®-CS Committee prefer-

ably relies on published, peer reviewed literature that is

available in the public domain.”12 The primarily academic

studies published in the peer-reviewed literature upon

which ACGIH relies to determine threshold limit values

(TLVs) rarely report raw data not already statistically trans-

formed that are thus incalculable.

Bias against publication of negative results

The existence of a bias against the publication of negative

results has been reported in many studies (Table 1). There

are several factors incentivizing this bias. “When a dog

bites a man that is not news, but when a man bites a dog

that is news,”66 encapsulates the natural tendency for the

appreciation of novelty. Negative results are less novel than

positive results. Second, given the underappreciation of

negative results, researchers are less likely to invest the

significant time required to write up and submit negative

results for consideration for publication. Third, reviewers

representing the best interest of peer-reviewed journals are

cognizant of the desire to maintain a high citation impact

factor67 and negative results are less likely to be cited by

other researchers in the field. Fourth, especially in the field

of toxicology, important industrial chemicals are usually

tested against a number of different biological activity end-

points.68,69 Negative results in these many different types

of toxicological assays are not noteworthy, while positive

results might either be relevant to the development of the

toxicological profile of the chemical,68,69 construction of

the safety data sheet,70 or any number of potential regula-

tory actions. The existence of a difficult to quantitate but

significant bias against the publication of negative results

compounds the severity of the irreproducibility crisis.

Transparency in science

In 1992, our research group published the first manuscript

in what was to become a long-standing collaboration with

the late, great Corwin Hansch71–78 and following his pass-

ing at age 92 in 201179 with members of his research group

at Pomona College.80–82 Dr Hansch was known as the

“father of computer-assisted molecule design” for his
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an
d

im
p
ac

t
o
f
O

R
B

in
C

FG
D

re
vi

ew
s

is
u
n
kn

o
w

n
.
E
ig

h
ty

-t
w

o
re

vi
ew

s
p
u
b
lis

h
ed

p
ri

o
r

to
2
0
1
0

w
er

e
in

cl
u
d
ed

;
2
1

id
en

ti
fie

d
n
o

ra
n
d
o
m

iz
ed

co
n
tr

o
lle

d
tr

ia
ls

.
Si

x
ty

-o
n
e

re
vi

ew
s

w
er

e
co

n
si

d
er

ed
fu

rt
h
er

co
n
ta

in
in

g
4
0
5

in
cl

u
d
ed

tr
ia

ls
an

d
2
1

tr
ia

ls
ex

cl
u
d
ed

d
u
e

to
“n

o
re

le
va

n
t

o
u
tc

o
m

e
d
at

a.
”

B
et

w
ee

n
p
ro

to
co

l
an

d
re

vi
ew

,
th

er
e

w
er

e
th

re
e

re
vi

ew
s

th
at

u
p
gr

ad
ed

se
co

n
d
ar

y
o
u
tc

o
m

es
to

p
ri

m
ar

y,
1
5

d
o
w

n
gr

ad
ed

p
ri

m
ar

y
o
u
tc

o
m

es
to

se
co

n
d
ar

y,
tw

o
re

vi
ew

s
in

cl
u
d
ed

o
u
tc

o
m

es
th

at
w

er
e

n
o
t

in
th

e
p
ro

to
co

l
an

d
tw

o
re

vi
ew

s
ex

cl
u
d
ed

o
u
tc

o
m

es
th

at
w

er
e

o
ri

gi
n
al

ly
in

th
e

p
ro

to
co

l.
N

in
e

re
vi

ew
s

re
m

o
ve

d
se

co
n
d
ar

y
o
u
tc

o
m

es
b
et

w
ee

n
p
ro

to
co

l
an

d
re

vi
ew

an
d

si
x

re
vi

ew
s

ad
d
ed

se
co

n
d
ar

y
o
u
tc

o
m

es
.
Si

x
te

en
re

vi
ew

p
ro

to
co

ls
d
id

n
o
t

d
is

ti
n
gu

is
h

b
et

w
ee

n
p
ri

m
ar

y
an

d
se

co
n
d
ar

y
o
u
tc

o
m

es
.
T

h
e

as
se

ss
m

en
t

o
f
O

R
B

is
o
n
go

in
g

at
p
re

se
n
t.

O
R

B
is

a
p
ro

b
le

m
in

al
la

re
as

o
f
re

se
ar

ch
.A

co
re

se
t

o
f
o
u
tc

o
m

es
fo

r
ge

n
et

ic
d
is

o
rd

er
s

w
ill

b
e

an
im

p
o
rt

an
t

st
ep

in
re

d
u
ci

n
g

O
R

B
an

d
st

an
d
ar

d
iz

in
g

o
u
tc

o
m

e
m

ea
su

re
s

in
th

es
e

cl
in

ic
al

ar
ea

s.

D
w

an
et

al
.5
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B
io

m
ed

ic
al

cl
in

ic
al

re
se

ar
ch

M
in

im
al

C
o
ch

ra
n
e

ab
st

ra
ct

s
ar

e
th

e
m

o
st

fr
eq

u
en

tl
y

ac
ce

ss
ed

an
d

u
se

d
p
ar

t
o
f
a

C
o
ch

ra
n
e

re
vi

ew
.
In

ra
n
d
o
m

iz
ed

tr
ia

ls
,

ev
id

en
ce

sh
o
w

s
th

at
au

th
o
rs

d
o
n
’t

al
w

ay
s

re
p
o
rt

th
e

p
ri

m
ar

y
o
u
tc

o
m

e
in

th
e

ab
st

ra
ct

an
d

ar
e

m
o
re

lik
el

y
to

re
p
o
rt

a
cl

in
ic

al
ly

o
r

st
at

is
ti
ca

lly
si

gn
ifi

ca
n
t

o
u
tc

o
m

e.
T

h
is

m
ay

al
so

b
e

th
e

ca
se

in
ab

st
ra

ct
s

o
f
sy

st
em

at
ic

re
vi

ew
s.

T
o

as
se

ss
w

h
et

h
er

re
p
o
rt

in
g

o
f
o
u
tc

o
m

es
is

co
n
si

st
en

t
b
et

w
ee

n
th

e
fu

ll
te

x
t

an
d

ab
st

ra
ct

o
f
C

o
ch

ra
n
e

re
vi

ew
s,

th
e

au
th

o
rs

in
cl

u
d
ed

al
l
n
ew

re
vi

ew
s

p
u
b
lis

h
ed

in
Is

su
e

4
,
2
0
0
9

o
f
T

h
e

C
o
ch

ra
n
e

D
at

ab
as

e
o
f
Sy

st
em

at
ic

R
ev

ie
w

s,
w

h
er

e
th

e
p
ri

m
ar

y
o
u
tc

o
m

e(
s)

w
er

e
cl

ea
rl

y
st

at
ed

in
th

e
fu

ll
te

x
t

an
d

a
m

et
a-

an
al

ys
is

h
ad

b
ee

n
co

n
d
u
ct

ed
(n
¼

6
4
);

th
ey

ex
cl

u
d
ed

n
o
n
in

te
rv

en
ti
o
n

re
vi

ew
s.

T
h
e

m
ed

ia
n

n
u
m

b
er

o
f
p
ri

m
ar

y
o
u
tc

o
m

es
p
er

re
vi

ew
w

as
tw

o
(r

an
ge

1
–
1
0
).

O
n
ly

4
4

(6
9
%

)
re

vi
ew

s
re

p
o
rt

ed
al

l
p
ri

m
ar

y
o
u
tc

o
m

es
fr

o
m

th
e

te
x
t

in
th

e
ab

st
ra

ct
.
T

w
el

ve
(1

9
%

)
re

p
o
rt

ed
o
n
ly

so
m

e
o
f
th

e
p
ri

m
ar

y
o
u
tc

o
m

es
in

th
e

ab
st

ra
ct

,
co

m
p
ar

ed
w

it
h

th
e

fu
ll

te
x
t,

an
d

ei
gh

t
(1

3
%

)
fa

ile
d

to
re

p
o
rt

an
y

p
ri

m
ar

y
o
u
tc

o
m

es
in

th
e

ab
st

ra
ct

.
O

f
th

e
5
6

(8
8
%

)
re

vi
ew

s
th

at
re

p
o
rt

ed
o
n
e

o
r

m
o
re

p
ri

m
ar

y
o
u
tc

o
m

es
in

th
e

ab
st

ra
ct

,o
n
ly

fo
u
r

(7
%

)
st

at
ed

th
is

w
as

a
p
ri

m
ar

y
o
u
tc

o
m

e
an

d
o
n
ly

ei
gh

t
(1

4
%

)
re

p
o
rt

ed
th

e
re

la
ti
ve

an
d

ab
so

lu
te

ef
fe

ct
si

ze
an

d
9
5
%

co
n
fid

en
ce

in
te

rv
al

o
r

p-
va

lu
e.

In
3
3

re
vi

ew
s

(5
9
%

),
th

er
e

w
as

n
o

ab
so

lu
te

ef
fe

ct
si

ze
gi

ve
n
,
in

1
1

(2
0
%

),
th

e
re

su
lt

w
as

o
n
ly

st
at

ed
as

“s
ig

n
ifi

ca
n
t”

o
r

“n
o
t

si
gn

ifi
ca

n
t,
”

in
th

re
e

(5
%

),
o
n
ly

a
N

N
T

w
as

gi
ve

n
,a

n
d

in
o
n
e

(2
%

),
o
n
ly

th
e

re
la

ti
ve

ef
fe

ct
si

ze
w

as
st

at
ed

w
it
h

n
o

p-
va

lu
e

o
r

co
n
fid

en
ce

in
te

rv
al

.T
h

e
p

re
li
m

in
a
ry

fi
n

d
in

g
s

su
g
g
e
st

e
v
id

e
n

c
e

o
f

in
c
o

m
p

le
te

a
n

d
se

le
c
ti

v
e

re
p

o
rt

in
g

in
a
b

st
ra

c
ts

o
f

C
o

c
h

ra
n

e
re

v
ie

w
s.

H
o
p
ew

el
l
an

d
B
el

le
r5
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(c
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T
a
b

le
1
.

(c
o
n
ti
n
u
ed

)

B
ia

s
re

p
o
rt

ed
in

sc
ie

n
ti
fic

p
u
b
lic

at
io

n
s

(F
an

el
li

an
d

Io
an

n
id

is
,
2
0
1
3
)1

3

Fi
el

d
o
f
st

u
d
y

E
st

im
at

ed
m

ag
n
it
u
d
e

o
f
b
ia

sb
So

u
rc

e
o
f
b
ia

s
C

it
at

io
n

B
io

m
ed

ic
al

cl
in

ic
al

re
se

ar
ch

M
in

im
al

T
h
e

p
u
rp

o
se

o
f
p
re

sp
ec

ify
in

g
p
ri

m
ar

y
o
u
tc

o
m

es
in

th
e

sy
st

em
at

ic
re

vi
ew

p
ro

ce
ss

is
to

d
ef

in
e

th
e

m
o
st

cl
in

ic
al

ly
re

le
va

n
t

o
u
tc

o
m

es
an

d
to

p
ro

te
ct

ag
ai

n
st

b
ia

s.
A

d
d
in

g,
o
m

it
ti
n
g,

o
r

ch
an

gi
n
g

re
vi

ew
o
u
tc

o
m

es
o
n
ce

th
e

p
ro

to
co

li
s

p
u
b
lis

h
ed

ca
n

re
su

lt
in

b
ia

s.
T

h
e

o
b
je

ct
iv

e
w

as
to

in
ve

st
ig

at
e

th
e

d
is

cr
ep

an
ci

es
b
et

w
ee

n
p
ri

m
ar

y
o
u
tc

o
m

es
lis

te
d

in
p
ro

to
co

ls
an

d
th

e
su

b
se

q
u
en

t
re

vi
ew

s
p
u
b
lis

h
ed

in
T

h
e

C
o
ch

ra
n
e

Li
b
ra

ry
.
T

o
id

en
ti
fy

n
o
n
-p

u
b
lic

at
io

n
o
f
re

vi
ew

p
ro

to
co

ls
an

d
ill

-d
ef

in
ed

p
ri

m
ar

y
o
u
tc

o
m

es
.T

h
e

au
th

o
rs

ex
am

in
ed

n
ew

sy
st

em
at

ic
re

vi
ew

s
p
u
b
lis

h
ed

b
et

w
ee

n
Is

su
e

4
,2

0
0
6

an
d

Is
su

e
2
,2

0
0
7

o
fT

h
e

C
o
ch

ra
n
e

Li
b
ra

ry
.F

o
r

ea
ch

re
vi

ew
,d

is
cr

ep
an

ci
es

b
et

w
ee

n
th

e
p
ri

m
ar

y
o
u
tc

o
m

e(
s)

lis
te

d
in

th
e

re
vi

ew
p
ro

to
co

l
an

d
th

e
re

vi
ew

it
se

lf
w

er
e

id
en

ti
fie

d
b
y

a
st

at
is

ti
ci

an
an

d
le

ad
re

vi
ew

au
th

o
rs

w
er

e
co

n
ta

ct
ed

to
p
ro

vi
d
e

re
as

o
n
s

fo
r

th
e

d
is

cr
ep

an
ci

es
.A

to
ta

lo
f2

9
7

re
vi

ew
s

w
er

e
in

th
e

st
u
d
y

co
h
o
rt

.F
o
r

th
e

p
ri

m
ar

y
o
u
tc

o
m

e
m

ea
su

re
s,

th
er

e
w

er
e

4
9

(1
6
%

)
re

vi
ew

s
th

at
d
is

ag
re

ed
w

it
h

th
e

p
ri

m
ar

y
o
u
tc

o
m

e(
s)

sp
ec

ifi
ed

in
th

e
p
ro

to
co

l;
n
in

e
in

cl
u
d
in

g
at

le
as

t
o
n
e

n
ew

p
ri

m
ar

y
o
u
tc

o
m

e
n
o
t

sp
ec

ifi
ed

in
th

e
p
ro

to
co

l,
fiv

e
ex

cl
u
d
in

g
at

le
as

t
o
n
e

p
ri

m
ar

y
o
u
tc

o
m

e
sp

ec
ifi

ed
in

th
e

p
ro

to
co

la
n
d

3
5

w
h
er

e
a

p
ro

to
co

lo
u
tc

o
m

e
w

as
ei

th
er

u
p
gr

ad
ed

o
r

d
o
w

n
gr

ad
ed

to
a

p
ri

m
ar

y/
se

co
n
d
ar

y
re

vi
ew

o
u
tc

o
m

e,
re

sp
ec

ti
ve

ly
.A

fu
rt

h
er

2
4

(8
%

)
re

vi
ew

s
h
ad

n
o

p
ro

to
co

lr
eg

is
te

re
d

o
n

th
e

C
o
ch

ra
n
e

Li
b
ra

ry
w

h
ile

1
4

(5
%

)
re

vi
ew

s
co

u
ld

n
o
t

b
e

as
se

ss
ed

fo
r

o
u
tc

o
m

e
re

p
o
rt

in
g

b
ia

s
d
u
e

to
p
o
o
r

p
ri

m
ar

y
o
u
tc

o
m

e
d
ef

in
it
io

n
.D

is
c
re

p
a
n

c
ie

s
b

e
tw

e
e
n

p
ri

m
a
ry

o
u

tc
o

m
e
s

sp
e
c
if

ie
d

in
th

e
re

v
ie

w
a
n

d
p

ro
to

c
o

l
a
re

c
o

m
m

o
n

.
T

h
e

m
o

st
c
o

m
m

o
n

re
a
so

n
s

fo
r

th
e
se

d
is

c
re

p
a
n

c
ie

s
w

e
re

:
(1

)
re

c
o

m
m

e
n

d
a
ti

o
n

b
y

e
d

it
o

rs
/

p
e
e
r

re
v
ie

w
e
rs

;
a
n

d
(2

)
re

c
o

g
n

it
io

n
o

f
th

e
im

p
o

rt
a
n

c
e

o
f

th
e

o
u

tc
o

m
e

b
e
fo

re
/a

ft
e
r

re
a
d

in
g

th
e

re
su

lt
s

to
th

e
in

c
lu

d
e
d

tr
ia

ls
.T

h
e

se
ri

o
u
sn

es
s

o
fb

ia
s

ar
is

in
g

fr
o
m

th
e

re
as

o
n
s

p
ro

vi
d
ed

b
y

th
e

re
vi

ew
au

th
o
rs

fo
r

su
ch

d
is

cr
ep

an
ci

es
,
n
o
n
-r

eg
is

tr
at

io
n

o
f
re

vi
ew

p
ro

to
co

ls
an

d
ill

-d
ef

in
ed

o
u
tc

o
m

e
d
ef

in
it
io

n
w

ill
b
e

d
is

cu
ss

ed
.

K
ir

kh
am

et
al

.5
9

B
io

m
ed

ic
al

cl
in

ic
al

re
se

ar
ch

M
in

im
al

A
d
d
in

g,
o
m

it
ti
n
g,

o
r

ch
an

gi
n
g

o
u
tc

o
m

es
af

te
r

a
sy

st
em

at
ic

re
vi

ew
p
ro

to
co

l
is

p
u
b
lis

h
ed

ca
n

re
su

lt
in

b
ia

s
b
ec

au
se

it
in

cr
ea

se
s

th
e

p
o
te

n
ti
al

fo
r

u
n
ac

kn
o
w

le
d
ge

d
o
r

p
o
st

h
o
c

re
vi

si
o
n
s

o
ft

h
e

p
la

n
n
ed

an
al

ys
es

.T
h
e

m
ai

n
o
b
je

ct
iv

e
o
ft

h
is

st
u
d
y

w
as

to
lo

o
k

fo
r

d
is

cr
ep

an
ci

es
b
et

w
ee

n
p
ri

m
ar

y
o
u
tc

o
m

es
lis

te
d

in
p
ro

to
co

ls
an

d
in

th
e

su
b
se

q
u
en

t
co

m
p
le

te
d

re
vi

ew
s

p
u
b
lis

h
ed

o
n

th
e

C
o
ch

ra
n
e

Li
b
ra

ry
.A

se
co

n
d
ar

y
o
b
je

ct
iv

e
w

as
to

q
u
an

ti
fy

th
e

ri
sk

o
f
b
ia

s
in

a
se

t
o
f
m

et
a-

an
al

ys
es

w
h
er

e
d
is

cr
ep

an
ci

es
b
et

w
ee

n
o
u
tc

o
m

e
sp

ec
ifi

ca
ti
o
n
s

in
p
ro

to
co

ls
an

d
re

vi
ew

s
w

er
e

fo
u
n
d
.
N

ew
re

vi
ew

s
fr

o
m

th
re

e
co

n
se

cu
ti
ve

is
su

es
o
f
th

e
C

o
ch

ra
n
e

Li
b
ra

ry
w

er
e

as
se

ss
ed

.
Fo

r
ea

ch
re

vi
ew

,
th

e
p
ri

m
ar

y
o
u
tc

o
m

e(
s)

lis
te

d
in

th
e

re
vi

ew
p
ro

to
co

l
an

d
th

e
re

vi
ew

it
se

lf
w

er
e

id
en

ti
fie

d
an

d
re

vi
ew

au
th

o
rs

w
er

e
co

n
ta

ct
ed

to
p
ro

vi
d
e

re
as

o
n
s

fo
r

an
y

d
is

cr
ep

an
ci

es
.
O

ve
r

a
fif

th
(6

4
/2

8
8
,
2
2
%

)
o
f
p
ro

to
co

l/
re

vi
ew

p
ai

ri
n
gs

w
er

e
fo
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development of quantitative structure activity relation-

ships.79 This first manuscript eventually became titled,

“Mutagenic activity of a series of synthetic and naturally

occurring heterocyclic amines in Salmonella.” One of us

(Smith) presented the first draft to Dr Hansch and he asked,

“Where are the raw data?” in reference to the raw Ames

assay Salmonella bacteria revertant mutation values at each

dose level. Smith replied that in an attempt to save journal

page space that the raw data had been intentionally omitted.

Dr Hansch explained that any published paper should be

able to be replicated by scientists anywhere else in the

world from the data contained in the manuscript. The raw

data were placed into a table and were published in the

study by Smith et al.73 and in every other research paper

published by our group over the intervening 26 years.

Many researchers across various fields have recognized

the necessity of transparency. Concerns over the inability to

reproduce scientific results are shared by scientists, funding

agencies, academic journals, and the general public.5 Stud-

ies examining research practices in numerous fields have

identified a number of inappropriate procedures and poten-

tial sources of error including the following: inadequate

study designs,83 insufficient reporting of methods and

study results,84 errors in statistical analyses and interpreta-

tion,85,86 and unclear, difficult to understand, or misleading

data visualization.87–89 Increased transparency can amelio-

rate, but not eliminate, some of the less than optimal

research practices in current practice. For example, data

transparency is particularly helpful in identifying errors

in statistical analysis and interpretation and inappropriate

data visualization. In addition, transparency in protocol

design can assist an outside reviewer in evaluating the

potential degree of colinearity or confounding in an experi-

mental procedure, for example, bias introduced due to

increased scrutiny of the experimental group as compared

with the control group. A classic example of this differen-

tial level of examination was provided by Feinstein and

Esdaile90 in their description of artifactual detection of an

increased breast cancer rate due to mammograms being

conducted on the experimental group, while community

incidence rates were used for the control group.

The vast majority of published academic papers report

their results in the form of tables, graphs, or figures. Raw

data are rarely provided. It is usually very difficult or not

possible to extract the original data points representing the

actual experimental measurements from graphs and fig-

ures. In addition, even results reported in table form usually

contain data that have been transformed via some statistical

technique and has possibly already been subjected to

removal of data outliers.91 In contrast with the majority

of the academic literature, contract laboratory-issued tox-

icology test reports sponsored by industry are conducted

under good laboratory practice (GLP), good clinical prac-

tice (GCP), and good manufacturing practice and contain

extensive raw data tables.92 The United States Food and

Drug Administration (FDA) requires that preclinical data to

be submitted as part of a New Drug Application be col-

lected under GLP/GCP.93–101 It should be noted that while

ACGIH relies primarily on the published peer-reviewed

academic literature that typically does not report raw data,

ACGIH does not request the raw data from these sources.

In contrast, when an industrial concern submits non-

published data to ACGIH, the submission is typically in

the form of a contract laboratory final report conducted

under GLP and thus containing the raw data.

A little appreciated possible risk factor for the introduc-

tion of statistical error into the academic literature is the

wide dissemination of spreadsheet and statistical calculation

software in association with the spread of the personal com-

puter throughout the research community. Personal comput-

ers began appearing in academic research laboratories in the

early 1980s102 and initially tended to be shared work sta-

tions. By the mid-1980s, many researchers were using pow-

erful personal computers for their personal use.103 The

availability of spreadsheet software, data graphing capabil-

ity, and computerized statistical analysis programs beget the

era of the amateur statistician.104 Both cost and convenience

were factors in the wide use of these technologies, as con-

tract statistical fees can be substantial; typical costs are from

US$100 to US$350 per hour depending on a variety of

factors105 and assigned shared statistical support can require

researchers to enter a queue and await their turn to have data

analyzed by a professional statistician. Different geographi-

cal regions probably display varying percentages of nonpro-

fessional statistical analysis based on cost pressures. For

example, academic research groups in Japan infrequently

use a professional statistician to analyze their research data

(personal communication, Professor Tatsuyuki Kakuma,

Kurume University, Japan). The concern regarding statisti-

cal analysis by a nonprofessional is usually not that the

selected statistical test is improperly conducted, but rather,

relates to the selection of the appropriate statistical test or

tests based on the particular characteristics of the data set.

Professional statisticians evaluate a data set as to whether

parametric or nonparametric tests are appropriate,106

whether the data are skewed,107 require logarithmic trans-

formation,108 need corrections for potential artifacts result-

ing from making a large number of statistical comparisons,

for example, Bonferroni correction,109 and consider criteria

for including or excluding data point outliers. 110

ACGIH TLVs are both predecessor
and contemporary of National Institute
for Occupational Safety and Health
recommended exposure limits and
Occupational Safety and Health
Administration permissible exposure limits

The Occupational Safety and Health Administration

(OSHA) and the National Institute for Occupational Safety

and Health (NIOSH) were created on December 29, 1970,

Smith and Perfetti 17



when President Richard M Nixon signed the Occupational

Safety and Health Act.111 The relative youth of OSHA and

NIOSH can be contrasted with the formation of the prede-

cessor of ACGIH in 1938.112 In 1941, the TLVs for Chem-

ical Substances (TLV®—CS) Committee was established

and became a standing committee in 1944. In 1946,

ACGIH adopted the first list of 148 exposure limits, at that

time termed maximum allowable concentrations (MACs).

In 1956, the term MAC was changed to TLV. Currently,

ACGIH provides TLVs for over 700 chemical substances

and physical agents.113,114 In January 2016, ACGIH®

became a 501(c)(3) charitable scientific organization and

is not a regulatory agency of the United States or any other

country. Therefore, from a legal perspective, ACGIH TLVs

are nonbinding recommendations and not legally binding

regulations.115

The term “recommendation” belies the historical, regu-

latory, public health, and economic impact of the ACGIH

TLV. The centrality of the role played by TLVs is due to

the limited number of authoritative bodies in the United

States issuing similar exposure limits. OSHA issues legally

binding permissible exposure limits (PELs).116,117 How-

ever, OSHA PELs are rarely updated and are not generally

relied upon. In a January 2016 interview, then OSHA

administrator David Michaels stated that

Many of these PELs are dangerously out of date and do not

adequately protect workers. Past efforts to update our PELs

have largely been unsuccessful. Since 1971, OSHA has suc-

cessfully established or updated PELs for only about 30 che-

micals. We have issued only one new exposure limit since the

year 2000. As a result, many workers are currently being

exposed to levels of chemicals that are legal, but not safe.118

Due to OSHA’s lack of confidence in its own PELs, the

agency developed an online resource, known as the anno-

tated permissible exposure limits (or annotated PEL)

tables. The stated purpose of the annotated PELs is “to

enable employers to voluntarily adopt newer, more pro-

tective workplace exposure limits than those required by

OSHA.” The annotated PEL tables display a side-by-side

comparison of OSHA PELs for general industry; NIOSH

recommended exposure limits; California OSHA PELs;

and ACGIH TLVs.119 Therefore, the agency of the US

Federal Government with primary responsibility for

worker safety recommends that workplaces rely on the

TLVs set by ACGIH.

Conclusions

ACGIH TLV levels are extremely influential. ACGIH

TLVs were in widespread industrial hygiene practice for

many years before any other workplace exposure limits

were established.120 OSHA requires the ACGIH TLV to

be listed on safety data sheets.119 OSHA recommends that

its own legally binding PELs not be considered, but rather

that other exposure limit recommendations including the

ACGIH TLV guide workplace safety standards.121 The

ACGIH TLV directly influences the following: selection

and use of personal protective equipment; installation of

workplace ventilation equipment; monitoring of workplace

air levels; decisions by customers as to the particular chem-

ical selected for a given industrial application or process;

decisions by chemical manufacturers regarding whether to

produce a particular chemical or keep producing a partic-

ular chemical; and decisions by chemical company

research and development departments as to whether a

chemical substitute should be sought for a chemical with

a TLV suggestive of suboptimal toxicity.

Despite the serious adverse consequences of an inaccu-

rately determined TLV, the current TLV determination

process is primarily dependent on an academic peer-

reviewed literature in the midst of an irreproducibility crisis

not yet fully explained or addressed. In addition, a well-

established bias against the publication of negative results

can additionally skew evaluations of the toxicological pro-

file of a chemical toward over-estimates of hazard.

The degree of emphasis placed by ACGIH on the aca-

demic peer-reviewed literature assumes that the reported

results are reproducible, unbiased, and representative of the

actual level of toxicological hazard. ACGIH has on occa-

sion heavily relied upon peer-reviewed academic studies

that have been criticized on methodological and mechan-

istic grounds, for example, Smith et al.122 The lack of

transparency inherent in the ACGIH TLV process repre-

sents a glaring deficiency in the current system that is

inconsistent with authoritative recommendations regarding

data transparency.10

Circumstances that particularly merit independent third-

party statistical review are most notably academic studies

employing non-standardized measurement methods, but

contributing to the ACGIH numerical calculation of the

TLV. In such cases, the appealing party would be respon-

sible for any costs incurred via an independent third-party

statistical reanalysis of the raw data. At no time would the

appealing party be in possession of the academic institu-

tion’s data. Refusal to submit the raw data to independent

statistical analysis would remove that data from consider-

ation in setting the TLV. This procedure is consistent with

the text and spirit of the Freedom of Information Request

Act for publicly funded studies123 and with the reforms

being implemented throughout the scientific community.9
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21. Chan AW, Krleza-Jerić K, Schmid I, et al. Outcome reporting

bias in randomized trials funded by the Canadian Institutes of

Health Research. CMAJ 2004b; 171(7): 735–740.

22. Chan AW and Altman DG. Identifying outcome reporting

bias in randomised trials on PubMed: review of publications

and survey of authors. BMJ 2005; 330(7494): 753–756.

23. Fanelli D. How many scientists fabricate and falsify research?

A systematic review and meta-analysis of survey data. PLoS

One 2009; 4(5): e5738.

24. John LK, Loewenstein G and Prelec D. Measuring the pre-

valence of questionable research practices with incentives for

truth telling. Psychol Sci 2012; 23(5): 524–532.

25. Fang FC, Steen RG and Casadevall A. Misconduct accounts

for the majority of retracted scientific publications. Proc Natl

Acad Sci USA 2012; 109(42): 17028–17033.

26. Ioannidis JPA. Why most published research findings are

false. PLoS Med 2005; 2(8): e124.

27. Rosenthal R. Experimenter effects in behavioural research,

Enlarged ed. New York: Irvington, 1976.

28. Burghardt GM, Bartmess LeVasseur JN, Browning SA, et al.

Perspectives—minimizing observer bias in behavioral stud-

ies: a review and recommendations. Ethology 2012; 118(6):

511–517.

29. Fanelli D. “Positive” results increase down the hierarchy of

the sciences. PLoS One 2010; 5(4): e10068.

30. Qiu J. Publish or perish in China. Nature 2010; 463(7278):

142–143.

31. van Dalen HP and Henkens K. Intended and unintended con-

sequences of a publish-or-perish culture: a worldwide survey.

J Am Soc Inf Sci Technol 2012; 63(7): 1282–1293.
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