CHAPTER 3
THE INHALATION OF PARTICULATE LEAD BY HEALTHY HUMAN SUBJECTS
The experiments outlined in this chapter were performed to
determine the maximum concentration of atmospheric respirable inorganic
lead particles that can be inhaled continuously throughout a lifetime
by healthy persons without there being a demonstrably progressive accumu-
lation of lead in their bodily tissues. The approcach to this problem
was patterned on the results of the balance experiments {intake of lead
in food and beverages, and ocutput in the feces and urine) described in
Chapter 2. In the experiments described in this Chapter 3, human subjects
whose lead metabolism had been observed under normal conditions inhaled
air containing lead in a known concentration. The exposures were carried
out over periods of time sufficient to demonstrate the occcurrence or non-
occurrence of a physioclogical response. It was postulated that the re-
sponses of human beings to continuous exposure of this type could be
determined with approximate accuracy by extrapolation from the results
cf regular incremental increases in the duraticon of intermittent expo=-
sure,that is, x hours of exposure per day for a suitable time, followed
by 2x, 3x, and 4x hours of exposure for comparable periods of time, will
vield a series of points on a curve that can be extended tc 24 hours per
day, every day.

General Considerations

To determine the manner and extent of the exposure to lead of
people in the general population {excluding persons invelved in any rec-
ognized type of occupational exposure to lead}, it appeared to be fea-
sible to investigate the toxicity of a specific compound of incorganic
lead administered in a small amount daily over a prolonged period of
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time. Such an investigation appeared to call for the determination of
the quantities of lead when ingested and when inhaled and the resulting
toxic or subclinical effects. The separation of ingested and inhaled
guantities of lead appeared to be advisable, if for no other reason than
that the prevailing concept of occupational exposure te lead was that
long~-term lead inhalation cauged lead poisoning.

We'believed that the double-barreled problem of nonoccupational
and occupational abscrption of lead occurred through the combination of
ingestion and inhalation. This concept led tec the development of an
experimental program wherein lead ingesticn by subjects was guantified
while the subjects inhaled inorganic lead in a known concentration with-
in a respiratory chamber. The inhalation exposure followed a schedule
patterned on the general practice of American industry. Experimental
exposure was for 7.5 hours per day, with the remaining hours of the day
being free from the experimental exposure. In addition, subjects did
not enter the chamber on weekends. Experimental exposure took place
over a prolonged pgriod of weeks. Respiratcocry exposure +to the ambienﬁ
atmosphere (with its usual lead content)} occcurred when the subjects were
not in the chamber.

The experimental program was desigﬁed to establish the effects
of the following wvariables on the_absorption and excretion of lead, its
retention in the body during the period of exposure, and its loss from
the body after exposure was terminated:

e <concentration of lead in the atmospherxe,

@ size of the dispersed lead particles, anA

influence of the exposure duration (both per day and
per week over prolonged exposure).
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Inhalation Experiments 1 and 2 specifically addressed the effect
that the concentration of airborne lead had on two subjects. Experi-
ment 3 was designed to evaluate the influence that the lead particle
size had on absorption, while Experiments 4, 5, 6, and 7 were conducted
to verify the findings of Experiments 2 and 3. Experiments 8, 9, and 10
demonstrated the influence of exposure time on the gquantity of absorbed
lead. The next two experiments (11l and 12) were designed to determine
the highest airborne lead concentration to which the subjects could be
exposed continuously without incurring measurable increases in blood
lead or urinary lead. Because the results of Experiments 11 and 12 were
not conclusive, Experiments 13, 14, and 15 were carried out using é simi-
lar protocol. Discussions and results of these experiments are presented
in this chapter according to the experimental numbers. With the exception
cf the details common to all 15 experiments, the protocels are summarized
for each experiment in the following section.

We felt some concern when we were unable toc identify the amount
of absorbed lead resulting from the inhalation of lead and to separaté’
it from the iggested lead. Likewise, for obvious reasons, we were unable
toc separate the results of the inhalation of a specific lead compound,
within a specific period of time, from those results associated with the
inhalation of the ambient atmosphere (with, perhaps, its multiplicity of
inorganic lead compounds) during periods on the outside of the experi-
mental chamber. Bowever, we have presented the factual data to the best
of our ability and have counted on the cooperation of our readers in

accepting our limitations in dealing with living subjects.
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The Develcpment of a Respiratory Chamber

In preparation for the investigation of respiratory exposure to
lead, a chamber was designed and built by L.B. Roberts, a member of the
Laboratory staff at that time. This chambexr was described and illus-
trated in a prior publication (2), but is more elaborately described
herein. The design of the apparatus for introducing the desired streams
of lead-bearing air into the chamber during the group of experiments is
described in detail for those who may wish to reproduce, to consider
critically, or to modify the experimental regimen. Details concerning
the rationale for procedures are indicated in the protocol for the opera-
tion of the chamber as presented below.

The Structure and Operation of the Respiratory Chamber

A chamber, 10 feet wide, 12 feet long, and 10 feet high, was
constructed of double reinforced steel panels filled with glass wool
insulaticen. After the panels were assembled, all joints were sealed
with 4-inch, heavy-duty plastic tape. Two air locks were required, one
for the entrance and exit of personnel and the other for the exchangérof
small objects or for direct communication. The outexr opening of the
chamber through which personnel entered_was closed by a door with a posi-
tive lock, as used in refrigerators. The cement block wall of the air
lock and the wall of the storage space used for cleaning equipment were
painted with a synthetic resin and "papered" with overlapping, heavy-
duty aluminum foil. The cement flocor of the chamber was covered with
heavy-duty linoleum. A drawing of the chamber is shown in Figure 3.1.

In order to minimize deposits of particulate lead within the

distributing system of the chamber, the large tube (32 inches in diameter)
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that delivered the stream of lead-containing air had smocth bends and
was kept completely uncbstructed at the point of discharge near the
ceiling of the chamber. A fan directed its counterstream of air upward,
toward, and around the discharge end of the distributing tube at a rate
sufficient to balance the incoming stream, thus scattering the incoming
stream of air with a sufficient degree of uniformity throughout the
chamber. The air in the chamber was discharged through appropriately
distributed ports into a large duct situated around the inner wall of
the chamber jusit above the level of the floor. Sampling ports were pro-
vided on three sides of the chamber to permit samples of air from the
outside tc be taken to the inside of the chamber. These ports were 1lk-
inch plated brass tubes which passed through openings cut in the metal
walls of the chamber. The tubes were sealed in and flanged to prevent
leakage. When not in use, they were closed with airtight, rubber caps,
some of which were inside and some outside of the chamber. However, they
could blow ocut or blow off if the pressure in the chamber became excessively
high or low, as it would if either an intake or an exhaust pump mal-
functioned.

The veolume of this chamber was approximately 1,110 cubic feet.
The chamber underwent a complete exchange of air in about three minutes,
at a flow rate of 370 cubic feet per minute. An exhaust fan and an electro-
static precipitator removed particulate matter from the effluent stream
of air leaving the chamber, the clean air then being discharged through
an exhaust stack of the building.

Ae shown in Figure 3.1, air entered at "A" and was impelled
through a sound muffler to the orifice at "B" and thus intc the chamber,

having picked up, via the venturi at "I," the products of combustion at
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"H." A stream of propane, entering the meter at "G," was joined in the
burner by a measured stream of air, a measured portion of which had
passed through an armored flask over a small guantity of tetraethyllead
dissclved in dodecane. The combustion resulted in the quantitative
conversion of tetraethyllead to lead sesguioxide. The stream entering
the chambker was met by a countercurrent of air from the fan at "C" and
was thus distxibuted. The mixed air of the chamber was withdrawn through
properly spaced perts "D" in the large duct around the inside base of

the chamber, and through the electrostatic precipitator by the balancegd
exhaust blower at "E," from which it entered_a large vertical stack.

"B" was the exit of a four-inch pipe that had an exit velocity of approxi-
mately 4,000 cubic feet per minute. The air entered the chamber at
approximately 300 cubic feet per minute at orifice "B" and was removed

at points "D" at the same rate.

Somewhat later, shortly after fhe initiation of experimental
work involving respiratory exposure to lead, it appeared to be advanta-
geous to conduct certain of the experiments in parallel, i.e., to empioy
two subjects, simultanecusly, under essentially comparable ceonditions.
For this reason, a second chamber, similar to the first but smaller, was
constructed in the same large room as the first. This secend chamber
was 930 cubic feet in volume, and had a throughput of air of about 235
cubic feet per minute,with a complete air exchange in approximately four
minutes.

The availability of two respiratory chambers made it possible

to exclude all but specific compounds of lead for experimental inhalation
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in the chamber. The combustion of tetraethyllead under suitable con-
ditions appeared* to allow the introduction of an essentially specific
inorganic lead compound (of approximately the same sized particles) into
the respiratory chamber. It was believed* that the compound was lead
sesquioxide (PbyO3} in substantially pure form.

The lead sesquioxide, as referred to in foregoing comments, owed
its prominence in this investigation to two characteristics. First, it
was believed* to be the lead compound that is the principal result in
automobiles of the combustion of gascline containing tetraethyllead. This
apparent fact concerning lead sesguioxide was reason enough to have given
it prominence in the public mind. Secend, it was also readily produced
in substantially pure form, and was thus convenient as a specific lead
compound for investigation.

The lead particulate generation preccedure consisted of passing
a stream of air through an armored flask containing a small guantity of
tetraethyllead in dodecane, and then into the flame of a small Bunsen
burner fueled by propane. The products of combustion were introduced
inte the venturi and on into the respiratory chamber. BAn insignificant
guantity of carbon dioxide (no carbon moncoxide) was detected in numerous
tests of the chamber.

The particles of lead sesquioxide produced by this procedure were

0.05 micron in diameter. It was not feasible at the time to produce

*On inguiry of analytical experts as to the precise available results
concerning the combustion of tetraethyllead, there is not complete
agreement as to the technical minutiae of the chemical by-products of
the process, To the extent that the editorial novice in these matters
is entitled to any opinion, the "apparent fact" is not far from the
truth, and is therefore accepted as such.
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particles of considerably increased size by this method, so another

method was sought. The methods and equipment that were emploved are
discussed in some detail below.

Lead dioxide was also converted to the sesquioxide by the following
simple process. In a shallow aluminum pan, with occasional stirring,
commercial lead dioxide was heated in a muffle furnace for about 72 hours
at 350°cC. It was converted completely to lead sesquioxide, as determined
by its X-ray diffraction pattern (Figure 3.2). We employed lead sesqui-~
oxide obtained in this manner in several of the experimental programs in
which individual subjects underwent exposure to specific concentrations
in air for various periods of time. During such periods, subjects were
exposed to atmospheres containing lead sesguioxide in particulate sizes
varying from 0.05 micron up to 1.2 microns. These generated atmospheres
were distributed, in specific cases, to include large, intermediate, or
minute particles. By such means, the effects of the size of particles
on their gross behavior in the respiratory and alimentary tracts were
perceived,.

To proéuce lead particles of varied size up to 0.9 micron in
diameter for some of the experiments, a third method was emploved. After
being ground finely in a ball mill, a weighed portion of the sesquioxide
was mixed in acetone to make a slgrry, which was introduced on the inngr
surface of an aluminum tube 1% inches in diameter and & inches in length.
This tube was rotated horizontally while the acetone evaporated, leaving
a thin uniform coating of lead sesguioxide. The ccated tube was then
inserted over the motor-driven head and body of a generator which was

designed by Waldo Younker, a staff member of the Laboratory at that time.

As the hollow generator rotated and retracted within the coated tube,
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FIGURE 3.2

Comparison of X-~ray Diffraction Patterns
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a jet of air was passed at an angle'through the tube's center and through
its head, cutting a thin line of lead sesquioxide from the coating. This
stream of ailr was directed into a series of cyclone particle separators,
into the venturi, and then into the chamber. This equipment is shown in
Figures 3.3 and 3.4.

In other experiments, the apparatus containing the coated tube
was mounted vertically and a phonograph needle was situated on the head
of the generator. BAs the tube was rotated and retracted, the needle cut
off the coating in chunks from the enclosing tube. The particles fed
inte the main stream of the chamber. Figures 3.5 is a photomicrograph
of particles precipitated from the atmosphere of a respiratory chamber
during the course of an experiment.

Add;tional features of the location and the operation of the
Laboratory regpiratory chamber are discussed in the paragraphs below.

1. Location and Cperation

Since this experimental program had to be cenducted in the
same building ({(although on a separate floor) that housed the
analytical facilities, it was essential that the respiratory .
chambers and eguipment be physically separated from the
analytical facilities. Moreover, the chambers and their
oprerations could not be permitted to become a significant
source of lead contamination of the air on the inside or
outside of the Laboratory building. Rules were established
and posted regarding access to the experimental area. The
schedules for bathing and donning clean clothing were arranged
tc protect the subject against spurious contamination, as well
as to prevent contamination of other areas of the Laboratory
building. The air lock used for the introduction of materials
and for the entrance to and exit from the chamber by a subject
was designed to minimize the possibility of spreading contami-
nation from the chamber. The electrostatic precipitator, on
the discharge line from the chamber, operating at low load,
effectively removed particulate lead from the effluent stream
of air, thus preventing significant contaminaticon of the out-

side air.
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Figure 3.3
Lead Particle Generator
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Figure 3.4
A Cross—Section of the Lead Parlicle Generator
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FIGURE 3.5

Lead Particles Precipitated from the Respiratory Chamher
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General

2. Plan of Area

To achieve strict control of conditions reguired for long-
term experimentation, it was clear that the three essential
spaces, the chamber, the service area, and the change area,
should be continuous. No real or apparent crowding or misuse
cf the chamber itself was considered to be acceptable. The
conceprt of a "room within a room" evolved, and a “"room"
sufficiently large to accommodate two generously proportioned
chambers and associated facilities was found. This room also
met the requirements for remoteness from the analytical facili-
ties mentioned previously. Matters of lighting, heating,
cooling, quietness, outside visibility, the intake and discharge
of air, and the location of plumbing, together with considerations
for efficient operation, comfort, convenience, and safety,
dictated the final plan for locating the chambers in the room.
One chamber side abutted on a wall of the large room, while
three sides were readily accessible. Adegquate space remained
in the large room for lockers, shower stalls, and steorage
facilities.

3. Other Features of the Respiratory Chambers

After complete safety, there is nothing more important in
any human experimentation than the morale of the experimental
subjects, especially in a prolonged investigation. Since
morale is affected by physical surroundings, it was considered
essential to design the surroundings to be pleasant and com-
fortable. The size of the chamber allowed the subject to move
about freely, and provided space for a desk, chairs, a telephone,
and a work bench. The air inside the chamber was conditioned
and maintained at a comfortable temperature. Fluorescent light
from light panels above the ceiling cf the chamber provided
ample illumination. The placing of the lights on the outside
of the chamber prevented the heat load of lamps from being
added to that of the chamber. The level of noise was kept low
in the chamber; the air Fflowing through at a low rate, although
at a somewhat higher throughput of air than that of air con-
ditioning, was controlled by quiet blowers and fans and the
use of mufflers. Wide doors allowed large pieces of furniture
or equipment to be moved in ox out.

Protocol of the Inhalation Experiments

The chamber operator, who was on duty every day to ensure the

continued and proper operation of the chamber, hegan each day's activi-

ties by

starting the blower and fans, checking and starting the genera-

ting and recovery equipment for the lead compound, and making necessary

adjustments to ensure the desired concentration of lead in the chambers.
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Meanwhile, the subjects changed from street clothing te the clothing to
be worn in the chamber. Separate lockers were provided for storing street
and chamber clothing. After checking with the operator, the subjects
entered the chamber through the air lock. They then proceeded with the
day's work, which included routine housekeeping chores, principally
cleaning, productive office work, and routine collection of air samples
within the chamber.

To minimize the possibility of spreading particulate lead into
other areas of the Laboratory, when the subjects left the chamber for
lunch within the Laboratory, they stopped in the air locks on the way
ocut and put on laboratory coats and slippers that were stored in a. locker
in thg air lock. Before and during lunch, the subjects took precautions
to prevent lead contamination of foed, urine, and fecal samples.

At the end of the day's work, the subjects reversed the morning's
procedure, took showers before donning street clothing, and left. Each
subject kept records of the duration of his lead exposure by noting the
time of entrance into and the time of departure from the chamber.

The operator of the chamber also reversed his procedures of the
morning by stopping the fan, the blower, and the generating equipment.

He then made the necessary provisions fo? the operations of the next day,
and secured the chamber for the night.

In the respiratory chamber inhalation éxperiments, which were
conducted from 1950 to 1970, 12 individuals were exposed to various prepa-
rations of particulate lead sesqguioxide in concentraticns ranging from
5 to 150.0 micrograms per cubic meter of air for varying periods of time.

Table 2.1 summarizes some of the pertinent characteristics of the subjects

and their exposure to lead.
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CHARACTERISTICS OF

TABLE 3.

1

SUBJECTS AND THETR INHALATION EXPOSURES

Control Periods

Exposure Periods

No. No.
Experi- Age at Days/Wk. [Hr. /Wk. Pb Concen- |Pb Par
ment Subject's|Experiment No. No. in in tration cle si
Number [Initials |Initiation|Sex|Race | Dates Wks.iDates Wks. [Chamber [Chamber (u/m3) {u}
1 H.O.B.l 28 M IBlacki4/50-12/50 37 11/51-12/52 102 5 7h 73 50%<0.
90%<0.
‘ 2 F.C.y 29 ¥ |Cauc.{6/51-12/52 80 |4/53=-12/54 88 5 Th 153 50%<0.
. 90%<0.
3 F.C.2 32 12/54-9/56 89 9/56-9/57 52 5 7Yy 147 50%<D.
90%<2,
max =
4 M.B, 42 M |Black|1/55-6/55 20 [(7/55-5/56 48 5 Ty 151 50%<0.
90%<].
5 M.O.B.2 34 1/56-3/56 11 3/56-4/57 56 5 T 147 50%<1,
90%<6.:
max =
6 J.5. 55 M [Cauc.{5/57-10/57 29 10/57=-11/59| 112 5 T4 147 50%<1.
908<5,
max =1
7 P.B. 37 F |Black|5/70-1/71 33 {1/71-8/71 33 5 Th 148 50%<0.
30%<0.
B S.B. 25 M |Cauc.|{l/59-1/60 56 1/60-6/61 72 5 4 151.3 50%<0.4
8 90%<0,
10
9 L.D. 33 M |Cauc.!3/60-12/61 91 12/61-3/62 16 * 3 148 50%<0.1
3/ez=-7/62 16 * 6 30%<0,
T/62-11/62 l6 * 9
11/62-2/613 16 * 12
10 Jo.S. 32 M jCauc.|l0/60-12/61 59 12/61-3/62 16 * 3 150 50%<0D.
3/62-7/62 16 * 6 90%<0.
7/62-11/62 16 * 9
11/62-2/63 16 * 12
i1 N.K. 50 M |[Cauc.|3/63-10/63 29 l10/63-7/64 36 * [ 5.9 50%<0.1
1/64-11/64 16 * 9 90%<0.
11/64-3/65 16 * 12
' 3/65-11/65% 32 * 8 3/4
11/65-2/66 16 d 12 3/4
12 $.5., 25 M jCauc.|10/63-2/64 | 16 [2/64-8/64 24 . 3 9.9 50% <0
B/64-12/64 16 * 6 90% <0
12/64-8/65 32 * 9
B/65-2/66 24 * 8-3/4
2/66-7/66 20 * 12%
13 5.5., 27 7/66-10/66 | 13 l1o/66-2/67 | 16 * 3k 19.6 50% <0
2/67-10/68 80 * 54 90% <0,
14 H.R. 22 M |Cauc.}[4/66-10/66 24 lo/66-1/67 12 ) 3k 19.8 50% <0,
1/67-6/67 20 I3 5k 90% <0,
6/67-8/67 9 6 16Y4
15 D.H. 213 M |Cauc.|1l1/67-7/68 35 7/68-11/68 16 G 8 21.1 50% <0,
11-/68~-2/69 16 6 10 90% <0,
2/69-6/69 16 [ 12
6/69~-10/69 16 6 14




To measure the gquantities of lead retained in the lungs of the
lead inhalation subjects, the subjects breathed the respiratory chamber
air through a two-way mask and exhaled through an electrostatic precipi-
tator into a Douglas bag until the desired volume of air had been collect-
ed, The Douglas bag apparatus is illustrated in Figure 3.6

Admittedly, measuring lead retention was a formidable task. It
was by no means certain that it could be measured accurately since the
subject would have to breathe as though responding only to the customary
physiological stimulus. He had to do this long encugh .and carefully
enough so that respiration was excessively distorted because of some
degree of discomfort. What we wished to determine was the extent of the
retention of lead in the lungs during the inhalation of the atmosphere
of the chamber. It is probable that the only satisfactory evidence of

the occurrence or the extent of the lead abscrption from this source was

provided, indirectly, by the rate of the excretion of lead in the urine
voided during the physiclogically corresponding period of time, or, perhaps,
by the concentration of lead in the blood, as compared with the valuéé

of a preceeding pericd.

The measurements of the volume and the lead content of the re-
sidual air in the Douglas bag were related to the original lead content
of the respired air in the chamber and the time involved in collecting
the air in the bag. ©n the basis of repeated performances of apparently
adapted subjects, together with subsequent determinations of the volume
and the‘lead content of their urine, and the concentration of lead in
their blood, the approximate extent of the absorption of lead in the

lungs following inhalation could be estimatedf
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Figure 3.6

lllustration of Equipment Used to Determine
i.ead Content of Expired Air

l High velocity respiratory valve
Bannett {(rubber ciaphrams)
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The concentration of lead measured in the chamber air minus the
concentraticn found in the exhaled air was expressed as a percentage of
the inhaled lead. As an example of the calculations, one subject exhaled
414 liters in 20 minutes. The chamber concentration was 0.194 mg 1ead/m3
air.

i%% = 20.7 liters per minute, breathing rate.

{(0.194 - 0.0845) =x 100
0.194

56.4% retention.

Table 3.2 presents summaries of the results of these tests. The
high wvariability between subjects and in the same subject from day to day
is shown in the range. This may indicate the impossibility of a subject's
abllity to control the rate and depth of respiration, especially in this
experimental situation. Using these results, calculations of the total
lead retained can be assumed to give only a "ball park™ result. There-
fore, changes in the concentrations of lead in the bleod and in the amount
of lead in the urine are a better indicator of the level of exposure.

This test of retention was not successfully performed when the
subject breathed normal ambient air at the Laboratory. If a subject
breathed 10 liters per minute of air containing 0.0C5 mg lead/m3 air and
retained 50%, he would retain 36 micrograms of lead per day. Using the
average breathing rate and percent retention‘given in Table 3.2, 45 micro-
grams of lead would be reﬁained per day from air ceontaining 0.005 mg
lead/m3 air. Using the averages for Subject F.C. in the same way gives
41 micrograms. Since subjects breathed air at the Laboratory and else-
vwhere during their control periods, it is likely that the average con-
centration was somewhat lower than the 0.005 mg 1ead/m3 air used in the

calculations.
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TABLE 3.2

ESTIMATED LEAD RETENTION OF INHALATION EXPERIMENTAL SUBJECTS

Subject Chamber Conc. Breathing Rate Percent Retention of

(mg Pb/m3) (1/min) Average Lead Range
M.O.B.l 0.073 9.6 37.0 17.6 - 44.0
F.C., 0.153 10.3 36.0 19.3 - 48.5
M.B. 0.151 14.9 54.1 38.7 - 69.0
M.O.B.2 0.147 1i.8 53.3 24.4 - 64.0
F.C.2 0.147 17.3 43.0 20.6 - 50.5
Ju.S. £.147 15.7 44.9 11.8 - 72.5
S.B. 0.151 18.4 34.2 16.3 - 45.2
L.D. 0.148 lg.9 39.2 28B.7 -~ 49.3
Jo.S. 0.150 17.86 33.5 20.4 -~ 48.2
N.K. 0.0C10 10.5 59.6 53.5 - 66.0
S.S.1 0.010 16.0 49.1 24,0 - &92.0
S.S.2 0.020 9.2 52.3 21.3 - 73.8
H.R. 0.020 8.4 67.2 35.5 - 79.6
D.H. ©0.021 9.7 52.5 17.2 - 74.4
P.B. 0,148 9.6 51.9 i8.4 - 74.5
Average 13.3 47.2
1 - First exposure period.
2 - Second exposure period.
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INHALATION EXPERIMENTS 1 AND 2
(May 1950 through September 19256)

Protocol

The first subject in the study of various aspects of lead inhala-
tion was a 26-year—old male, designated as M.0.B. The normal lead metab~-
clism of Subject M.0.B. was followed for 36 weeks, after which his expo-
sure to particles of lead sesquioxide of a mean diameter of 0.05 micrograms
at a concentration eqguivalent to 0.075 mg lead/m3 air was begun. Expo-
sure in the chamber continued for approximately 7.5 hours per day, time
being recorded precisely each day, on 5 days of each week for 92 weeks.

After termination of the experimental exposure to lead, the clini-
cal and chemical observations were continued for an additional period of
148 weeks. Prior to the end of this post-exposure period, the subject's
bodily lead content and his current lead metabolism were believed to have
returned to the initial (pre-experimental) state. This first experiment,
which was conducted continuously over a period of almost 5.3 years with
only brief periods of respite for the subject, but none during the period
of exposure, was used as a pilot study for subseguent details of expéri—
mental design while serving to demeonstrate the response of one level of
dosage.

In the second experiment, Subject F.C. was followed in a pre-
liminary manner, as described, for 76 weeks, which was longer than had
been intended due to the prolenged exposure of Subject M.0.B. within the
only chambher available at that time., After F.C.'s control period, he
entered the chamber on the schedule outlined above. The same exposure
conditions as those of the first experiment wefe used. The resulting

3 .
concentration, equivalent to 0.15 mg lead/m” air, was based on the

L
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occupational standard generally advocated at that time by industrial
hygienists in the United States.

The period of exposure under the above conditions was 88 weeks,
after which the cbservations on this subject were continued for a post-
exposure period of 130 weeks, and bevond the 76 weeks indicated in the
following figures.

Discussions and Results of Inhalation Experiments 1 and 2

The results of these first two experiments are shown in a series
of graphs. In the first pair of graphs (Figure 3.7, Subject M.0O.B., and
Figure 3.8, Subject F.C.), the lower line shows the mean daily weight of
the ingested food and beverage (exclusive of drinking water), as calcu-
lated from the data of each day in every 28-day period. As indicated,
the upper intertwining curves represent the mean daily intake of lead
from food and all beverages, including drirking water, and the mean daily
cutput of lead in the feces only. Both of these values were calculated
for each 28-day period from the analytical data representative of each
day. Each point on each curve represents the mean value (weighted average)
of 28 determinations.

Manry interesting features e¢f these findings can be noted, i.e.,
the lead in the feces bore the same relationship to the ilead in the food
during the periods of the respiratory exposure of the two subjects just
as it did in the control and post-exposure periods, demonstrating that
lead was caught in the upper respiratory tract and was subseguently swal-
lowed. As we look at the other charts, which givé evidence of an increase
in the absorption of lead during the period of respiratory exposure, it
is ¢clear that similar absorption took place in the lungs of the subjects.

The proportion of the inhaled lead that was entrapped in the lungs of
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the two subjects varied somewhat from time to time. However, many deter-
minations of the proportion retained in the lungs of Subjects M.0.B. and
F.C. during respiration within the chamber averaged 37 and 36 percent,
respectively.

One other point is worthy of comment as background information
for the proper interpretation of later charts. Careful scrutiny of
Figures 3.7 and 3.8 reveals some fairly wide wariations in the intake of
lead from the food from time to time. It is noteworthy that these varia-
tions parallel, and are clearly responsible for, almost all of the varia-
ticons in the lead content of the feces. Most of the lead ingested in the
food is evacuated unabsorbed with the feces, as we have demonstrated in
the ingestion experiments described in Chapter 2. Nevertheless almost
every increase or decrease in the lead intake from food is accompanied
by a corresponding increase or decrease in the urinary excretion of lead.
It is important to remember this in connection with the variability of
the urinary excretion under the conditions of an essentially constant
level of experimen;al respiratory exposure to lead. In short, the lead
taken in daily with food is an important factor in the daily output of
lead in the urine. This factor must be kept in mind constantly in any
appraisal éf the significance of the urinary excretion of lead.

The daily intake of lead in the food of the individuals varies
with the type and guantity of food consumed; it varies, then, with the
dietary habits and the appetite, with the seasons, with the home life
(cuisine), and with the locale of the individval subject or subjects.

For example, Subject F.C. changed his boarding house in the fourteenth
month of the control period, resulting in the somewhat unusual proportions
indicated at that point in Figure 3.8. It may be noted that the weight
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of the food increased, probably because ©of enhanced appetite at this
time, and that it decreased some five months later hecause of familiarity
with the no-longer-new dietary regime. The lead in food and feces decreased
correspondingly. These influences are reflected in Figures 3.8 and 3.9,
in which the sharp upturn and falling off of the urinary lead output and
concentration would otherwise be disconcerting. Because of this and other
apparent vagaries in the urinary lead excretion of this subject from time
to time, the curves of the lead content of the food in the control period
and that of both food and feces in the cother two periods have been repeated
in Figure 3.9.

In Figures 3.10 and 3.11, the mean daily urinary output of lead
for the two subjects is plotted with the mean daily veolume of the urine
voided for each 28 days of the entire experimental peried. The lower
dotted line shows the mean daily volume of the urine voided, as calcu-
lated from the measurement of the volume each day over each period of
28 days on the scale indicated on the right. The upper dotted line rep-
resents the mean daily lead content of the urine veided, as similarly-
calculated. The peaks correspond, not precisely but generally, with an
increase in the lead content of the food and feces (Figure 3.7 and 3.8).
The peak at the 19th point of the exposure period in Figure 3.7 (after
"equilibrium" has been attained) corresponds in time with a sharp increase
in the lead content of the feces, which is aéproximately duplicated iﬁ
the lead content of the foeoed. It must be kept in mind that these points
are the weighted averages of 28 determinations and not the result of a
single error of sampling, contamination, or analysis.

In Figure 3.11, note the "overshooting" of the response to ex-
posure {(5th and 6th points during the period of exposure) as in Figure 3.10,
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without a corresponding peak in food and feces (Figure 3.8). Note also

the consistently low volume of the urine of Subject F.C., the especially
low volume during the early part of the pericd of exposure (hot weather),
and the higher variability, as compared to that of Subject M.0.B., through-
cut the experiment.

Aside from the influence of ingested lead, several points of out-
standing significance are revealed. First is the fact that the responses
of both subjects to the experimental exposure were the same gualitatively,
i.e., the urinary output of lead increased with equivalent promptness
(at a somewhat more rapid rate in response to the larger dosage); it rose
to a relatively high point in both instances, receded appreciably, and
then leveled cut (with appreciable variations, inconsistent in diregtion)
to maintain an essentially horizontal curve, the level of which was well
above the normal (control) base line. The horizontal character of these
curves, develcped after six (Subject M.0.B.) to nine (Subject F.C.) months
of exposure, varied sharply from the maintained upward slopes of the
curves representing the urinary output of subjects to whom lead was admini-
stered daily along with their food. This variation was not unexpected
but was gratifying in view of the corresponding behavior of men employed
in industries where lead exposure is fairly constant. We have observed,
repeatedly, that individuals and groups of such employees reach a level
of urinary lead excretion that characterizes the severity of their expo-
sure, Further, this level changes little thereafter for years, within
the limits of physiclogical variability, except in response to an increase
or decrease in the severity of the exposure to lead. This, no doubt, is
duye to the intermittent exposure to and absorption of lead in association

with the relative lack of exposure during 16 or 16.5 hours of each working
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day and during the two days each weekend. During a large part of these
periods of low exposure, an individual's output of lead is greater than
the intake. Thus, a point of balance is reached which is dependent on
both the time relationship and the dosage.

Reference to dosage leads to the second point of importance in
these two subjects. The level at which egquilibrium was reached varied
directly with the concentration of lead in the air that they breathed.
The two subjects started from slightly but significantly different base-
lines. In accord with his lower cutput and intake of water, Subject F.C.
had a lower base level of lead output than did Subject M.O.B. However,
the mean daily output of lead by Subject M.O.B. at eguilibrium was 0.055
milligram, and that of Subiject F.C. (at twice the concentration ¢f lead
in his respired air) was 0.070 milligram at equilibrium.

A third point to be noted is that in neither instance did the
respiratory exposure of the subjects to lead result in a consistent in-
crease in their urinary output of lead to a level that could be regarded
as even approaching the threshold of danger. This point will be emphasized
in the presentation and discussion of further data.

Since the urinary excretion of lead by industrial employees is
expressed more conveniently and, under suitable conditions of sampling,
somewhat more satisfactorily in terms of urinary lead concentration rather
than of lead output per unit of time, the data have been so represented
in Figures 3.9 and 3.10.

In Figure 3.9, the single line without dots portrays the devia-
tion in the mean daily concentration of lead in the urine, as plotted
with lead ingested in food during the contrecl peried, and with that of

both food and feces during the remaining periods of the experiments.
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This then shows the influence of the alimentary lead on the urinary
excretion of lead. 1In this figure the mean daily lead contents of the
food and feces are plotted as in Figure 3.8, except that the scale is
on the right. The peaks during the period of exposure correspond to
the periods of maximum ambient temperature during the summer months of
the successive years.

The facts indicated in these figures are much the same as those
pointed out in connection with Figures 3.10 and 3.11, so that little
further discussion is reguired. It is worthy of note, however, that
during the fifth month of the period of exposure, the mean daily con-
centration of lead in the urine of Subject F.C. was 0.14 mg/liter, and
during the fifteenth month, it was 0.16 mg/liter. Neither of these
values is necessarily indicative of a dangerous level of lead absorption,
but, if maintained consistently for some months, the higher of these two
results is potentially dangercus under ordinary conditions of l1ife in the
temperate zone. It 1s important to recognize, therefore, that both of
these values, spaced about one year apart, came during the peak of the
hot weather in the respective years. They also occurred in association
with elevated levels of lead intake in the food. Their unusual character
is demonstrated by the fact that the average cencentration of lead in the
urine, after eguilibrium with the exposure had been reached, was approxi-
mately 0.085 mg/liter. Mcre than any other'portrayal of the data of these
two experiments, Figure 3.9 illustrates the difficulty in visuwalizing
the lead metabelism of an individual, as a consistent pattern, on the
basis of a few observations of the rate of the urinary excretion of

lead.
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The data concerning the concentration of lead in the blood are
of prime imgortance in the appraisal of the status of individuals with
respect to the relative gquantities of lead in their tissues and the
significance of such guantities of lead in relation to the hazard. It
is necessary to gualify the foregoing statement somewhat. While clearly
indicative of the general level of the lead absorption of an individual
who is being subjected to exposure to lead, the lead content of the blcod
is somewhat less representative of ;he facts'when_an interval of some
months has elapsed since the termination of a mild degree of occupational
or other abnoermal exposure. Moreover, the lead in the blood is essentially
valueless as an indication of the extent of the individual's abscrption
of certain organic lead compounds, tetraethyllead being the cutstanding
example.

Figures 3.12 and 3.13 display the average of eight samples of
blood collected at weekly intervals (two per week) for each 2B-day period
in the two experiments. In both figures, each point on the dcotted line
from left to right represents the average concentration of lead in the
blood (obtained using duplicate technigues, dithizone and spectrographic
methods) during the respective periods of 28 days throughout the experi-
ment. In Figure 3.12, note the relativély low variability of the con-
centration of lead in the blcood from point to point, and the general
trends during the periods before, during, and after the experimental
exposure. While Figure 3.132 shows a lack of variability from point to
peint during all but the period of exposure, note the greater response

of Subject F.C. to the higher level of exposure, as compared with Subject

M.0.B.
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Two items are worthy of comment. First, the level of lead con-
centration in the blood of each subject increased more gradually in re-
sponse to the experimental exposure and declined more gradually aftex
the termination of the exposure, than did the levels in the urine.

Subjecﬁ M.0.B. reached a stable concentration of lead in his blood at

about the seventh month, while Subject F.C. reached a similar state of
apparent eguilibrium at about the eleventh month. Some of the variability
indicated in the blood lead congcentration of both subjects may be attribur~
ed to analytical deviations, the guantities of lead in these sanmples

being minute. BAs stated before, tweo analytical methods were employed in
parallel manner and in both cases the aznalytical error was much too small
to influence the general trend of these data or to alter significantly

the recorded values, since the unsystematic error is as likely to occcur

on the high as on the low side.

The average ceoncentration of lead in the blood of Subject M.O.B.
at approximate equilibrium was 0.040 mg/1l00 g, and that of Subject F.C.
was 0.045 mg/100 g. Since Subject F.C. started at the average level of
C.025 mg/100 g, and the base level of Subject M.0.B. was higher by approxi-
mately 0.003 mg/l00 g, the differential is somewhat greater than the
average figures at equilibrium indicate. In any case, it is clear that
Subject F.C. absorbed more lead than Adid Subject M.0.B., as was to be
expected in accordance with the experimental‘conditions.

The data obtained during the period after the termination of the
exposure, i.e., the excess of the output of lead over the intake in both
instances demonstrated that both subjects had accumulated and retained
some lead in their bodies during the period of exposure. Calculations

made from these data indicate that the total amounts accumulated during
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exposure and eliminated in the subsequent period were of the order of

18 to 2} mg in the case of Subject M.0.B. and 25 to 30 mg for Subject F.C.
There are good reasons for the belief that the last small residue of the
lead that islabsorbed during a period of abnormal exposure remains in
the body for a long time. It is probable that somewhat more lead was
retained by the subjects during their exposures than was eliminated in
the extended period of the observations after the exposures had been
terminated. This probability, plus the intrinsic, composite, random
error of the experimental procedures, makes it necessary to express the
retained lead in orders of magnitude rather than in absolute values.
Even so, the probable error of the estimates is small, considering the
total amounts of lead involved in the experiments, and few assumptions
need be made in arriving at the approximate amounts.

For the industrial hygienist, the most signifjicant result of
these experiments is the fact that no lead poisconing hazard is associated
with the inhalation of air containing a fully respirable and absorbable
lead concentration of 0.15 mg/m3 air over a periocd of nearly two yvears.
The experiments were carried out under conditions that simulate those
of industry except for their strict uniformity and the virtually complete
elimination of the ingestion of lead in connection with the day's work.
It must be emphasized that the adoption of this level of lead concentra-
tion in air as a criterion of absolute safety in industrial employment
would make no allowance for longer hours of work and exposure, for diseased
states that may interfere with the normal disposition of absorbed lead
within the body and its excreta, and, above all, for the situations in
lead trades in which the ingestion of lead is a highly significant factor

in the composite occupational absorption of lead.
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The issue may be raised that the duration of the "occupational™
expeosure of Subject F.C. was somewhat less than two full years, whereas
actual occupational exposure may continue for many years, or, indeed, a
lifetime of employment. This point cannot be dismissed lightly, nor can
it be disposed of entirely by the experimental evidence, unless one takes
the position that no further lead accumulated in the body of either ex-
perimental subject éfter equilibrium with the experimental environment
had been reached. Certainly the rate of accumulation, if any, within
that period was low, but it cannot be said now with certainty to have
been nil. We believe it to have been negligible, because progréssive
accumulation of lead in the body at a rate as low as 0.04 mg/day (as
demonstrated in an experiment on the ingestion of lead) is associated
with a significant, progressive increase in the rate of the urinary lead
excretion. Because of extensive experience in the medical supervision
and clinical monitoring of industrial employees, we are sure that men
whose regular rate of urinary lead excretion over a period of many vears
of stabilized exposure is represented by a concentration of lead of not
more than 0.10 mg/liter or by a lead output of not more than 0.12 mg/day
are not in danger of developing any form or degree of lead intoxication.
Based on this criterion, the margin of safety of the subjects, for an
indefinite period of exposure to the prescribed experimental conditions,

was large.
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INHALATION EXPERIMENT 3
{September 1956 through August 1958)

Protocol

In the first two experiments, it was evident from the identified
relationships between ingested lead and the lead in the feces during the
subjects' periods of exposure that inhaled lead particles escaped entrap-
ment in the upper respirateoxry tract. To emphasize this peoint, a third
experiment was initiated in which quject F.C. was reexposed to airborne
lead particles following his first post-exposure period. This 80-week
period between the conclusion of the subject's first period of intermittent
exposure and the initiation of his second restored him to very nearly his
original, normal body burden of lead. At this time, he returned to the
respiratory chamber on the same schedule as before. The only variant in
the experimental conditions, as compared with those of his first period
of exposure, was the size of the particles of lead sesquioxide. These
particles ranged up to a maximum of four microns in diameter (920 percent
of the particles were smaller than two microns and 50 percent were under
0.9 micron, in diameter} during the second exposure period.

Digscussion and Results of Experiment 3

FPigures 3.14 and 3.15 demonstrate that the larger lead particles
to which Subject F.C. was exposed during the second periocd were trapped
in the upper respiratory tract and excreted in the feces. Figure 3.15
corresponds to Figure 3.14 in every way except that it presents the results
of exposure to larger lead particles. The first period ("Pericd After
Termination of Exposure") shown in Figure 3.15 corresponds to the last

rericd shown in Figure 3.14.

“1l9-  KE O Ant Aama



-0Z1-

Mean daily lead content
of food and feces (mg)

Figure 3.14

Comparison of Alimentary Lead Intake ¢
Lead Output of Subject F.C.

Exposure Post-Ex
Control Period Period Peri

i <] o ' \ _'

.10 *W\/A_—J\/WM—/—\
_ daily weight of food

00 ! | [ i l i

| 1 | |
4 8 12 16 4 8 12 16 20 4 8
Time in 28~day periods




Figure 3.15

Comparison of Alimentary Lead Intake and Lead
of Subject F.C. During His Second Exposure P

' Exposure Post—expos

o Control Period Period Period
o "8) ot ot - -
= QD

tE 40}

3 v

5 8 30

29 -

_q_) L )

> g 20

= .

o)

% ;§_ 10 daily | weight of food

< -o6 00 | i i | | | ] i ] ]

4 8 12 16 4 8 12 4 8 12

Time in 28~day periods



These figures illustrate that the larger lead particles of the
second exposure were trapped in the upper respiratory passages, were
swallowed, and appeared in the feces, to which they contributed almost
as much lead as that which had been ingested in food (see "Period of
Exposﬁre“ in figure 3.15). In fact, the particulate lead that reached
the subject's alimentary tract from the air of the chamber amounted to
about 20 percent of the total guantity that, by calculation, may reasonably
be expected to have been taken inteo his respiratory tract during his
period within the chamber. Inasmuch as somewhat more than half (55 percent)
of the lead inhaled was found in the exhaled air of the subject under
these conditions, it appears that approximately 40 prercent of the inhaled
lead that separated out of the air in some part of the respiratory tract
subseguently found its way into the alimentary tract. Furthermore, accordinc
to the results of previous experiments, only 10 to 12 percent of the lead
swallowed was absorbed in the alimentary tract, as opposed to the essen-
tially complete absorption of that which was deposited on the membranes
of the respiratory tract. Thus, one might suspect that the extent of‘the
absorption of lead under these experimental conditions, as revealed by
the excretion of lead in the urine, may have been appreciably less than
it had been when the subject had inhaled the more highly dispersed parti-
cles.

In Figure 3.16, for each pericd of 28 days of the entire initial
experiment in which Subject F.C. was engaded, the mean urinary ocutput
of lead per day is plotted with the mean urinary volume during the corres-
ponding pericd of time. In the control pericd, one can see the sharp
response to the increased intake of lead in food and beverages, and a

little later, the initial and subsequent resgponse to the induced
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respiratory exposure in relation to the finely dispersed lead in the

alr of the chamber becomes evident. The initial response was prompt,
after which it increased for 20 weeks and then diminished. The seasonal
factor was not notably involved in this decrease, as the urinary volume,
which was at i1ts minimum some three months earlier, discloses. This
phenomenon of an apparently excessive response before leveling out has
regularly occurred in experiments involving exposure to the highly dis-
rersed lead sesguioxide in the air of the chamber.

Despite the lead output wvariability in the urine during the ex-
posure period, the trend during that period is unmistakable. A peak in
the mean output of lead {0.086 mg per day) was reached after about 24
weeks; this was exceeded on only two subseguent occasions. The average
height of the plateau during the period of the respiratory exposure was
somewhat agove the level of 0.07 mg per day. This level was maintained
during the last 12 weeks of the exposure; it was only slightly higher
than it had been 68 weeks earlier.

Following the termination of the subject's intermittent occupancy
of the respiratory chamber, the output of lead in the urine decreasea
precipitously. This demonstrated that the previously persistent eleva-
tion of the lead output in the urine had been maintained by the repeti-
tion of the exposure from day to day and not by the accumulation of
slowly absorbable lead within the respiratorf tract. The further down-
ward trend of the urinary output of lead (interrupted at two points in
the curve by the coincidental cccurrence of relatiwvely large quantities
of lead in the food, as seen in Figure 3.14) illustratez the decremental
decrease of the lead retained in the body of the subject during the period

of respiratory exposure.
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Digressing again briefly to consider the response of this same
Subject F.C. to respiratory exposure to the same quantity of lead in
coarser dispersion in the atmosphere of the chamber du?ing his second
exposure, it may be seen from Figure 3.17, which is analogous to Figure
3.15 in its temporal relationships, that the subject has reacted some-
what differently than he did during his first intermittent exposure in
the respiratory chamber. The rate of 1lead absorption during the entire
second period within the chamber was no less than it had been during the
first, as judged by the output of lead in the urine during these two
periods. The level increased ét about the same rate during the early
rmonths of the two periods; it reached a somewhat higher level during
most of the intermediate months of the second experiment than it had in
the first and it was at a higher level at the end of the 52 weeks of the
second period of ewxposure than it had been at the corresponding time in
the first.

These differences are not great, but they are too congistent to
be ignored. It is in the pattern of the response to the two sets of
conditions, however, that the greatest dissimilarity appears. There is
no definitive evidence in Figure 3.17 that the uvurinary output of lead
reached a maximum and then leveled out. One is on somewhat uncertain
ground in interpreting this fact, because of specific experimental varia-
bles that do not correspond entirely. The second exposure period began
some three vyears later than the first, the two did not coincide in their
seasonal relationships (the second began 12 weeks earlier in the vyear
than had the first); and they were not of the same duration {(the second
was terminated at the end cof 52 weeks and the first after B8 weeks).

One cannot be. sure what would have happened had thé.seccnd exposure
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period been extended. Nevertheless, the evidence, as it stands, denies
the occurrence of the steady state in the second experiment, and it is
logical to suspect that no such state would have been reached later.

The reason lies in the fact that most of the lead that was diverted from
the respirateory tract to the alimentary tract persisted in the latter
throughout the intermittent periods of freedom from further respiratory
exposure (16 hours per day on five days‘of the week, and 64 hours over
the weekend).

While he was in the respiratory chamber, approximately 20 percent
of the lead in the air inhaled by Subject F.C. entered the alimentary
tract. To that extent, this experiment simulated the experiments in which
lead was ingested with every meal and was being abscorbed from the alimen-
tary tract at an approximately constant rate. Under the latter conditions,
the rate of the urinary excretion of lead increased progressively at a
nearly constant rate. Under the conditions associated with this second
experiment in which Subject F.C. engaged, the gquantity of lead swallowed
from food and beverages, during and for a time after the day's respi;a-
tory exposure, was smaller than it had been in any of the experiments in
which lead was ingested {being of the approximate order of 0.1 to 0.15 mg
pexr day). However, because this guantity was available for continuing
absorption for a day or more, it may have been sufficient to offset the
eguilibrium that otherwise probably would ha§e been achieved, The con-
tinued presence of lead in the body caused a modest progressive increase
in the absorption of lead and in the corresponding rate of its excretion.

Also of interest is the fact that the general level of the absorp-
tion of lead by Subject F.C. during the second experiment was as high

as it nad been during the first. There is no doubt that an appreciable
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portion of the inhaled lead during the second experiment was diverted

to the alimentary tract, where its absorption would be considerably less
complete than that in the respiratory tract. However, another factor
associated with the size of the particles operated in the opposite direc-
tion. The determinations of the lead in the expired air of the subject
under the conditions of the two experiments demonstrated that approximately
64 percent by weight of the inhaled lead was being exhaled when the parti-
cles were uniformly small (0.05 micron in diameter), while only 54 percent
by weight of the larger particles of the second experiment (2 microns in
diameter) were so disposed cof. These findings were reinforced by similar

findings in subsequent experiments.
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INHALATION EXPERIMENTS 4, 5, 6, AND 7
(January 1955 through September 1971)

Protocol

Experiments 4, 5, 6, and 7 were performed to verify the findings
of Experiments 2 and 3. The major objectives of these experiments were
to determine:

o The effects of dosage (lead concentration in air), and lead
particle size,

e the effects of exposure type (intermittent versus constant),
e the respiratory tract lead particle retention,

e the ultimate fate (absorption, retention in the body, and
excretion) of the inhaled lead as differentiated from ingested
lead, and

e whether the gender of the subject influenced experimental
results,

In short, the purpose of the experiments was to determine the balance
between the intake and the output of lead and to assess the contributions
made to the intake of lead through various avenues and the resultant
absorption, retention, and excretion of lead over fairly prolonged periods
of time.

All of the experimental variables were the same as those in
Experiments 1, 2, and 3 with the exception of particle size. The mean
dimensions of the particles during Expe;iments 4 through 7 ranged from
0.75 micron (90 percent smaller than 1.8 micron) through 0.90 micron
(90 percent smaller than 2 microns, maximum 4 microns) to 1.2 microns
{90 percent smaller than 6 microns, maximum 8 to 15 microns). Subjects
M.0.B., M.B., Ju.S. and P.B. were exposed 7.5 hours per day, 5 days per
week within the respiratory chamber.

The overall duration of the three periods {(control, exposure,
and post-exposure) in the four experiments was such that the characteristics

of each subject could be established. The control period ranged inm
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duration from 20 to 80 weeks, the exposure period from 52 to 112 weeks,
and the post-exposure period from 5 to 130 weeks.

In addition to those protocols concerned with develeoping and
maintaining the daily specific environmental conditions within the respira-
tory chambers, another procedure was carried ocut regularly. The quaﬁtities
0of lead in the air breathed by each subject and in the expired air were
determined at weekly intervals during the exposure periocd.

Summary and Results of Experiments 1 through 6

The following paragraphs are a summary of the conclusions drawn
from the lead inhalaticon experiments performed on six human subjects
over an eleven-year periog.
1. During the period of experimental exposure within a respira-
tory chamber, the retention of lead in the respiratory tract
raAged (with considerable variability) from the average value
of approximately 35 + 2 percent when the mean diameter of the R
particles was of the order of 0.05 micron, up to approximately
54 percent when the mean diameter of the particles was 0.75 micron,
and down again to 43 percent (one subject), 45 percent {(one subject},
52 percent and 53 percent (one subject), when the air contained
larger proportions of larger particles and the mean diametex
was near 1 mieron (0.2 to 1.2 microns). These percentages are
not to be implicitly relied on because of the comparatively high
variability of the many observations made under each set of
experimental conditions. They represent approximate orders of

magnitude, however, and general trends that are believed to be

valid.

-130~
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2. Aside from the prompt occurrence of increased lead concen-
tration in the urine, the most significant characteristic of the
response of the subjects to this intermittent respiratory lead
exposure (simulating that of occupational exposure to lead fume

in that it persisted for 7.5 hours per day, 5 days per week) was
the urinary lead concentration increase over the period of several
months to a peak above which it d4id not subsegquently go. After

a brief period of subsidence, the urinary lead concentration
reached a stable level. This level remained essentially unchanged
except for an expected degree of wariability ﬁhroughout the re=-
mainder of the periocd of exposure.

When the concentration of lead sesguioxide in the air of the
chamber approximated 0.075 mg/m3 air, the resulting concentration
of lead in the urine at the stabilized level approximated
0.048 mg/liter. In anocther experiment, the subject was exposed
to approximately twice the concentration of lead in the air, and
the urinary lead concentration plateau was at the level of
0.071 mg/liter. The concentration of lead in the blood of these
two subjects differed little at the peak values, which were
approximately 0.04 mg/100 grams of wheole blood in both instances.
However, the lead concentration in the first subject's blood
rose to this peak value from an initial level of 0.025 mg/1l00 grams,
while the second subject's initial blcod lead concentration was

~at the lower level of 0.020 mg/l00 grams.

In three of the four later experiments, the concentration
of lead in the air was approximately the same as that in the

second experiment (0.15 mg/m3 air). The mean size of the particles
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dispersed in the air in each of these experiments was greater
than in the first and second experiments, and the concentrations
of lead in the urine and blcod at their stabilized heights closely
approximated those of the second experiment (ranging from 0.067
to 0.074 mg/liter in the urine, and 0.035 to 0.045 mg/100 gréms
in the blood).

3. As anticipated, noc demonstrable portion of the lead in the
air was deposited in the upper respiratory tract and diverted
therefrom into the alimentary tract when the mean diameter of
the particles was in the low range (0.05 micron, 90 percent
below 0.17 micron). However, when any significant proportion

of the particles was in the range above 1 micron in diameter,
the gquantity of lead evacuated in the feces was well in excess
of that which could be accounted for by the lead content of the
food and beverages consumed. Under the latter circumstances,
lgad derived from the air was being absorbed from both the respira-
tory and the alimentary tracts. In one of the experiments, ?he
diversion of an appreciable portion of the lead into the aliﬁen—
tary tract {(which provides less of an opportunity for abscrption
than the lungs) resulted in a distinctly reduced overall rate

of absorption of lead &uring the pericd of the experimental ex-
posure, as compared with that obtainéd in the other experiments.
This effect was counteracted to some extent, however, by the
virtually continuous absorption of the portion diverted into

the alimentary tract. This resulted in a slight but progressive
increase in the levels of lead concentration in the urine and

blood of this subject during the period of exposure.
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4. No significant difference in lead absorption or retention

was noted for the female subject, P.E.

5. Under the conditions of these experiments, the inhaltion

of air containing 0.15 mg 1ead/m3 air posed no hazard to health.

While in the exposure chamber the respiratory volumes of the

subjects varied somewhat, but these volumes were in the low

range since none of the subjects was engaged in activities that
greatly augmented respiratory ventilation other than those of
the average adult engaged in simple office work. The highest
concentration in the blood of any subject was measured following
respiratory exposure, for 37.5 hours per week over the perioé

of 102 weeks, to air containing 0.15 mg lead/m3 air. This peak

concentration was 0,045 mg/10C grams (0.074 mg/liter in the wurine).

Thus in a situation in which the absorption of lead was limited

strictly to that derived from the respiratory tract, the margin

of safety represented by these findings is obviocusly more than
adequate.

Special aﬁtention is called to the significance of the foregoing
observations. I+ was evident from the results of the lead ingestion
experiments that the absorption ¢f lead was essentially continuous. This
continuous absorption brought about a virtually steady and progressive
increase in the output and concentration of léad in the urine and an
increase in the concentration ¢f lead in the blood. The effect of this
continuous absorption in bringing about a progressive increase in the
body burden of lead carries its own implications with respect to the
potential hazard asscciated with any form of continuocus exposure to,and

absorption of,lead. 1In contrast, with occupational exposure to airborne
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particles of lead compounds of fairly uniform size well below the range

of 1 micron in diameter, the intermittent respiratory exposure and ab-

sorpticen brings about a balance between the intake and output of lead.
The balance is related to the periods of exposure, when input is high

and output is low {relatively), and the periods of nonexposure, when the
reverse is true. At the point where these opposed trends neutralize each
other an excretory plateau representative of the relative severity of

the exposure is established, and this is only as the conditions of ex-
posure are altered, However, when a significant proportion of the lead
in the air is diverted inteo the alimentary tract, freedom from exposure
and absorption is lacking during the interval of respiratory nonexposure.
The steady state between intake and output is not achieved. This may

be a highly important contributing factor to the hazards of occupational
exposure to lead, especially during prolonged employment in a dusty environ-
ment in which the alimentary absorption of lead is a significant part of

the total absorption.
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INHALATION EXPERIMENTS 8, 9, AND 10
(February 1959 through September 1963)

Protocol

These experiments were designed to demonstrate the influence of
exposure period continuity on the effects of lead exposure in human
subjects. The rationale for these experiments developed from the following
previocusly observed facts. When experimental subjects were subjected to
the daily oral administration of a sFandard dosage of lead along with
their meals over periods of months and years, a slightly variable but
continuous rate of absorption from the alimentary tract, the rate of the
excretion of lead in the urine and feces, and the rate of accumulation
of lead in the body, with some seasonal (and other) variability, continued
at a substantially uniform yearly rate. The accumulation rate gave no
sign of tapering off during the entire periocd of administration of leaqd,
which, in one instance, was 4.5 years. However, when cther experimental
subjects inhaled lead particles dispersed in air for 7.5 hours per 4day,

5 davs per week (simulating an occupational exposure)under the standardized
conditions of a respiratory chamber, the accumulation rate d4id taper 6£f.
In about 16 weeks, the rate of urinary lead excreticn and the concentration
of lead in the blcocod increased steadily Fo a nearly constant level, after
which it continued essentially unchanged as long as the experimental con-
ditions remained constant.

By establishing a response gradient of human subjects to incre-
mental increases in the duration of constant lead exposure, the metabolic
effects of the exposure could be approximated. To establish this gradient,
after their contrxol periods, two subjects, L.D. and Jo.S. were exposed to
0.15 mg lead/m3 air for periods of time on the following schedule:

first for 3 hours per day on every other day, for 16 weeks; then for & hours
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per day, on every other day, for 16 weeks; then for 9 hours per day, on
every other day, for 16 weeks; and finally, for 12 hours per day, on

every other day, for 16 weeks. Subject S.B. was exposed to the same air-
borne lead concentration for periocds of 4, 8, and 10 hours per day during
his weeks in the chamber. These schedules did not carry the exposure
beyond the level that had been established by both occupational experience
and physiclogical experimentation as being well within the limits of
safety.

Discussion and Results of Experiments 8, 9, and 10

During each successive period of 16 weeks, as had been the case
in every other experiment invelving simulated occupational exposure to
lead (i.e., 37.5 hours per week), the level of the urinary output of
lead per day, the concentration of lead in the urine of the subjects,
and the conéentration of lead in their blood rose to a certain point and
then continued at essentially constant levels, as long as the conditions
of exposure remained unchanged. Each incremental increase in the weekly
duraticon of the exposure resulted in a further graduated increase in Fhe
levels of lead in the urine and bleocod; a line connecting the points répre—
senting the final levels (or the leveled-out plateaus}‘of the concentra-
tion of lead in the blood that had been reached in the successive periods
of 16 weeks beqame a sﬁraight line with a uniform upward slope. The re-
sults of the extension of this line at the same slope to a point that
corresponded, in the case of each subject,‘to continuous exposure (i.e,
168 hours per week) is shown in Figure 3.18 (Subject L.D.), in Figure 3.19

{Subject §.B.), and in Figure 3.20 (Subject'Jo.S.). Other analytical data
for these three subjects have been grouped and are charted in Figures 3.21
and 3.22 {Subject L.D.), in Figures 3.23 and 3.24 (Subject S.B.}, and in

Figures 3.25 and 32.26 (Subject Jo.S.}).
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The general featureg of these charts are similar to those
observed in previous experiments, the results of which are discussed
elsewhere. It may be useful, however, to call attention to certain
characteristics. First and foremost is the similarity of two of the
sets of charts. We have learned to expect that the behavior of human
subjects will be much the same under the same experimental conditions,
but it is nonetheless jimpressive to note that two of the individuals
have reacted similarly. 1In the Laboratory their environments were as
nearly identical as they could be made, while differing elsewhere
accerding to the customs of two different households and the habits of
life of each individual, one of whom (L.D., FPigure 3.18), a craftsman,
was married and "settled down", and the other (Jo.S., Figure 3.20) was
a night school student who was unmarried and was planning a technical
career, The concentration of lead in the blood of Subject L.D. at the
start of the experiment was slightly lower than that of Subject Jo.S.
during the initial {(control) period (0.022% versus 0.024* mg/100 g},
still slightly lower by about the same margin at the end of the total
period of experimental exposure, and, as the result of the extrapolation,
still indicating the same relationship, with the slope of the plotted
curves being remarkably similar. It is instructive to compare the end
results of the intermittent respiratory exposure to air coentaining 150
mg of lead with those that emerge from the extrapolative process as

an expression of continuous respiratory exposure. The concentration

i)

*Thegse differences are negligible in the practical sense. They are
remarked on only because they have resulted from calculations of data
that were limited to the second decimal.
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Figure 3.18

Extrapolation of Blood Lead Levels to 64 Mo
Lead Inhalation Exposure (Subject L.D..
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Figure 3.19

Extrapolation of Blood Lead Levels to 64 Montt
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Figure 3.22
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Figure 3.24
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of lead in the blood was 0.045* and 0.053* mg/100 g for Subjects L.D.
and Jo.S5., respectively, after 16 weeks of exposure for 42 hours per
week {comparable roughly to the industrial week). Their blocod lead
concentrations reached the derived levels of 0.145* and 0.148*, re-
spectively, at some point in time (certainly less than three years), after
the continuous inhalation of air containing the same concentration of
lead.
4 .

The evidence furnished by observations of ﬁhe health effects
of cccupational exposure to a sustained lead concentration in the indus-
trial atmosphere justifies the conclusicn that the concentration of lead
in the blood of workmen increases for a time, until it reaches a level
that undergoes little or no further increase over the period of many
yearé. In our experience, under conditions in which the concentration
in the blood of every workman remains below 0.08 mg/l00 g (i.e., in view
of the analytical deviation of + 0.01l, not in excess of 0.07 mg/1l0C gq),
no case of lead poisoning will occur. On the other hand, the concentration
of approximately 0.15 mg lead/100 g blood is unduly high. While it does
not follow that every individual whose blood contains such a concentra-
tion of lead has or will have lead poisoning, some become ill promptly
and others later, while some, unaccountébly, remain well.

It is reasonable to conclude from the results of these experi-
ments that had the exposure been continuous (i.e., all day every day)

at the 0.15 mg 1ead/m3 air, the concentration of lead in the blood would
4

*These differences are negligible in the practical sense. They are
remarked on only because they have resulted from calculations of data
that were limited to the second decimal.
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have reached the level of approximétely 0.16 mg/1l00 g in somewhat less

than two vears of exposure. It has been clearly deponstrated that the
respiratory exposure of normal men to highly dispersed lead sesquioxide

in the atmosﬁhere on a schedule that is comparable to that of industrial
employment (approximately 40 hours per week} will not result in a daﬁgerous
degree of absorptioen. The influence of discontinuity of exposure to

lead, in contrast to that of continuity, may thus bhe appreciated on a
fairly guantitative basis.

The results of these experiments achieve their greatest practical
importance for present purposes in indicating the feasibility of this
method of investigation for determining the maximum concentration of
lead in the ambient atmosphere (in association with the current intake
of lead in food and beverages) that is compatible with human health and
well-being. The promptness and the guantitative orderliness of the
physioclogical response to a graduated shift toward continuity of expo-
sure, as represented best by the incremental increase in the concentra-
tion of lead in the blood, demonstrates clearly the essential reliability
of this criterion as an indicator of the absorption of lead, and givés

strong suppert to the experimental hypothesis that was being tested.
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INHALATION EXPERIMENTS 11 AND 12
{March 1963 through October 1966)

Protocol

Having demonstrated the influence of time {(i.e., the continuity
of the period of exposure) in Experiments 8, 9, and 10, the next experi-
mental step involved the determination of the highest concentration of
lead in the air to.which a2 normal individuval might be subjected con-
tinuously withcut incurring a measurable increase in the lead concentra-
tion in his urine and blood, presumably, without significant increase
in the "body burden" of lead. "For practical purposes, this might be
regarded as the intensity of continuocus resPiratorylexposure that would
just barely result in a statistically demonstrable increase in the urinary
output {or concentration) of lead without a demonstrable increase in the
concentration of lead in the blood. Prior experimental evidence has
shown that such a situation results from a careful adjustment of the
increment of lead added experimentally every day to the gquantity absorbed
from day to day under normal conditions.

In essentially parallel experiments, Subjects N.K. and S.S. hére
subjected to exposure to lead sesquioxide particles ranging from 0.01
to 0.18 micron in diameter {(mean diameter, 0.05 micron) dispersed in the
air of the two respiratory chambers in the concentration of approximately
0.01 mg lead/m3 air. After preliminary control observations over a period
of months, each of these subjects was introduced into a chamber for three
hours on every other day (10.5 hours per week) over a period of 12 weeks.
Subseqﬁently the duration of the exposure per day was doubled, tripled.,
and further multiplied until one of the subjects (N.K.) was spending

73.5 hours per week in the chamber while the other (8.5), who started
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later, was spending 52.5 hours per week in the chamber. Thus both
subjects had had l6-week exposure pericds of 10.5, 21, 31.5,and 42 hours
per week.

Discussion and Results of Experiments 11 and 12

During all but the latter exposure periods when Subjects N.XK.
and S.S5. spent the greatest number of hours per week in the chambers,
neither subject demonstrated any evident excretory response to the
experimental regimen., The quantity of lead absorbed daily in the lungs
of these subjects had not been sufficient under the exposure conditions
to be demonstrated when compared to the variability of the daily urinary
excretion of lead induced by the absorption from the alimentary tract.

To be more specific, the guantities of lead absorbed from the alimentary
tract from day to day were so much larger (and more variable) than the
guantities absorbed daily from the lung that the latter could not be
detected.

In the latter part of the exposure periods, there was a slight
increase in the output of lead in the urine and also, somewhat surprisingly
in view of the scantiness of the elevation of the urinary excretion, a
slight increase in the concentration of lead in the blood of both subjects.
The increase was irregqular, late in the case of Subject 8.8., and of such
slight proportions in both instances as to be of dubious significance.
However, the trends appear to be sufficiently persistent to be valid.
Unfortunately, £heir interpretation is uncertain because the lead content
of the food and feces of both subjects was somewhat more variable* than
usual, and the increases above the average level tended to coincide with
those of the output of lead in the urine and the concentration of lead

*The gross contamination of the food of Subject N.K. resulted from his

consumption of the flesh of a steer killed by gunshot which had shattered
and spread minute fragments of the bullet beyond visible pathways.
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in the blood. In neither case was it possible to plot a curve that

would adequately fit the findings in either urine or blood and from

which a wvalid extrapolation could be projected. (In Figure 3.27, the
upward and downward trends in the concentration of lead in the blcod

of Subject S.S. for several months at a time have been indicated roughly
by a dotted line joined with sgquares.) It may be that the concentration
of 0.010 mg lead/m3 air is near the threshold value that is being sought
in these experiments. To ascribe such significance to these findings
would be to deal irresponsibly with evidence of a type that has previously
been found to be misleading. In the hope of clarifying these results,
Experiments 13, 14, and 15 were carried out. These experiments are

discussed in the next section.

Fork
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INHALATICON EXPERIMENTS 13, 14, AND 15
(May 1966 through Decenmber 1969)

Subject $.5., of the experiment described previously, agreed to
participate in a second experimenf after a post-exposure periocd of
further observations intended to reveal any decrease in response following
the termination of his former experimental exposure. He and a new subject
(H.R.) began a regimen of exposure to airborne lead sesguioxide at an
experimental lead concentration of 0.02 mg lead/m3 air, double the airborne
concentraticon used in Experiments 11 and 12. The lead particle size was
the same as that used in Experiments 11l and 12 (mean diameter 0.05 mieron,
with a maximum of 0.18 micron). The initial proportion of the time spent
by each subject within his chamber was 21 hours of the 168 hours of a
full week; the exposure was continued for 20 weeks. The further schedule
involved corresponding pericds of time {20 or 16 weeks, either of which
appeared to be sufficient to elicit the maximum excretory response), in
succession, at rates of 31.5, 42.0, 52.5, 63.0, and 73.5 hours per week.

Subiject H.R. found another job and, with approval, discontinued
his services in August 1967. Because of advanced notice that this wbﬁld
occux, the coﬁrse of the experiment was modified somewhat to gain as
much information as might be possible in the short time available. The
experiment was repeated using another man, Subljiect D.H. He was brought
into the experiment promptly after he was examined and found to be accept-
able. After a preliminary periocd of 24 weeks which were sufficient to
cover the two most different seasons of the year, he began his experi-
mental schedule when Subject H.R.'s exposure had ended.

Subject S.5. completed the described experiment on schedule.
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Discussion and Results of Experiments 13, 14, and 15

After approximately eight months in the respiratory chamber,
it appeared £hat Subject §.5. was responding to the lead exposure by
excreting a somewhat larger quantity of lead in his urine than he had
previously. This trend continued throughout the remainder of the experi-
mental exposure. By careful inspection of the plotted data of lead in
urine and blood shown in Figures 3.27 and 3.28, certain crude facts are
evident. ’

There was a regular increase in the rate éf the excretion of
lead in the urine, following an initial significant increase at about
the middle of the period during which the exposure was maintained for
42 hours out of the 168 hours of the week. Subject 5.5. did not yield
any demonstrable increase in his urinary excretion of lead during the
20 weeks of his exposure for 21 hours per week (12.5 percent of the time)
to 0.02 mg iead/m3 respired air. There is dubious evidence of some
increase {toc slight to be beyond the range of cordinary variability)
during the latter half of the period of 16 weeks of exposure for 31.5.
hours per week. The trend seems unmistakable from there on to the end
of the experiment, despite certain irregularities in the rate of the
increase from one period to the next. Seasonal effects have been obsexrved
in all of our experiments in which the magnitude of the exposure to lead
has remained negrly constant throughout a yeér cr more, and despite the
primary trend, these have to be taken into account when drawing con-
clusions.

The straight line drawn in Figure 3.23 represents the approximaté
slope of the incremental increase in the urinary excretion of lead.

This line has been projected to the point that, hypothetically., it is an
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expression of the effect of continuously breathing ambient air containing
0.02 mg lead/m3 air in the form provided in the experiment. This line
and its projection have not been determined by calculation, and therefore
may not be regarded as precise, but the outcome of the projection, even
as an approximation, points to the unacceptability of 0.02 mg lead/m3 air
as the threshold value for the ambient air. Thus, by extrapoclation, it
is predicted that under the experimental conditions, the average lead
content of the urine will have reached the high point of its normal range
in approximately 4.5 years. In other words, the average output of leagd
per day in the urine will have shifted from somewhat less than 0.03 mg
to appreoximately 0.08 mg during this time period. After that time, the
minimum increase in the rate of excretion will continue at an equivalent
rate and will be accompanied by a somewhat slower increase in lead
conceniration in the blood,‘as a manifestation of an increase in the
body burden of lead.

In contrast to the renal response to the experimental exposure,
the concentration of lead in the blood during the experiment was strikingly
different. The behavior of the urine and the blood was apparently parallel
during the period when the duration of the exposure was 42 hours per week;
it continued so during the first half of the next period covering 52.5
hours per week. But from this time on, after a fairly sharp decrease
(actually a drop of only 7 micrograms, oxr about 25 percent per 100 g of
whole blooﬁ), there was no further consistent increase. Evidently the
lead content of the "soft tissues” of the body sustained little or no
further significant increase within the period of time represented in
the experiment. This phenomenon has been observed previously in connection

with elevations of the absorption of lead at rates near the threshold of
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detection. It seems that the available lead was diluted (a few milli-
grams distributed into the kilograms of soft tissue) because of the ex-
cretion of lead in transit; this was augmented by the selective absorption
of lead into the skeleten, which effectively diminished the rate of the
accumulation of lead in the soft tissues.

The results of these experiments seem clear. Their interpretation
in relation to the promulgation of a standard for the lead content cf the
atmesphere is not guite so simple, since it involves careful consideration
cf all of the information that can be gleaned from the experiments. It
is evident that the concentration of 0.02 mg lead/m3 air, in the form
empleyed in these experiments, would not be tolerated indefinitely by the
human population. Such respiratory exposure to lead, combined with lead
ingestion from food and beverages in the human diet, will result in an
increase in the body burden of lead in the average person. In all likeli-
hoed, as judged by earlier experimental results, this iIncrease would he
of an indefinitely progressive type. While the consequences of such a
slow accumulation‘of lead in the body throughout the lifetime of thef.
individual and that of a human population are by no means predictable
{since no such situation has ever been examined carefully in the course
of human history), they can haxrdly fail to be potentially hazardous.

No such hazard would be acceptable.
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SUMMARY AND CONCLUSIONS OF THE LEAD INHALATION EXPERIMENTS

The 15 lead inhalation experiments described in this chapter
were conducted over a 2l-year period from 1950 through 1971. A number
of significant findings concerning lead absorption and retention after
lead is inhaled were made. Most of these findings were discussed in
detail in this chapter; they are summarized below for the convenience
of the reader. In addition, a summary and discussion of the subclinical
health effects that were identified during the experiments are also
included in this section.

The initial gcal of the experimental sexries was to determine the
maximum concentration of respirable incrganic lead partiecles that could
be inhaled ¢ontinuously throughout a lifetime without resulting in a
significant lead body burden. Before this goal was reached however,
additional conclusions were drawn. By exposing healthy human subjects
to known concentrations of particulate lead while gquantifying the amount
of lead each subject ingested, a lead input/output/retention balance was
determined. It was found that the urinary output of lead increased in
response to the inhaled dosage. When the subjects' inhalation exposures
in the chamber were scheduled to simulate a traditional 40-hour workweek,
urinary lead output rose to an elevated level when compared with the
control period, and then leveled out to maintain an essentially hori-
zontal curve that was significantly above the control period baseline.
This steady level of urinary lead excretion was in sharp contrast to the
sustained upward sloping curve that represented the urinary lead excretion
of subjects who ingested known dosages of lead.

The experimentally determined leveling off of urinary lead ex-

cretion has also been noted in workers who are occupaticonally exposed
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to lead. This is a result of the significant decrease in lead inhalation
exposure when the employee leaves the workplace. During these 1l6-hour
periods of comparatively low lead exposure, the worker's output of lead
exceeds his intake, and a 24-hour balance is eventually achieved.

However, the results of Experiment 3 indicated that large air-
borne lead particles are swallowed when they impinge on surfaces in the
upper respilratory tract. This ingegted lead becomes available for alimen-
tary tract absorption; the continued presence of lead in the body results
in a progressive increase in abscorption and a corresponding increase in
urinary lead excretion. The observed leveling off of the urinary ex-
cretion ¢f lead when subjects were exposed to small particles of airborne
lead {50 percent <0.005 micron, 9C percent <0.1l7 micxron) on a schedule
simulating a 40-hour workweek was not noted when subjects inhaled larger
lead particles (50 percent <0.92 micron, 90 percent <2.0 micron, maximum
4.0 micron) on the same schedule. Instead, a steadily rising pattern
of urinary lead excretion was observed that showed no sign of tapering
off and leveling out. Thus, when a significant portion of the inhaléa
lead particles are greater than 1 micron in diameter, lead is absorbed
from both the respiratory and the alimentary tracts, resulting in a
potentially much larger body burden of lead. This fact must be kept in
mind by industrial hygienists and plant supervisors.

After completing 10 of the 15 experiments, it was evident that
the initial goal of determining the maximum "safe" airborne concentration
of lead had been reached. It was determined that there was no hazard of
lead poisoning associated with the inhalation of a fully respirable and
absorbable inorganic lead compound in the concentration of 0.15 mg/m3

air, over a period of almost two years. Thigs finding was made under
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conditions simulating industrial exposure with the exception of the
strict exposure uniformity of the experiment, the virtually complete
elimination of lead ingestion in connection with the day's work, and

the comparatively low respiratory ventilétion rates resulting from con-
finement within the chamber. Under these exposure conditions, the peak
lead concentrations.in the subjects' blood and urine were 0.045 mg/100 g
and 0.074 mg/liter, respectively. It is believed that since no lead
reisoning will occur while the lead concentration in the bleood remains
below 0.08 mg/100 g, 0.15 mg/m3 of airborne lead is a relatively safe
level of exposure during a 40-hour workweek,.

The airborne lead concentration of 0.15 mg/m3 alir was chosen to
determine a response gradient in human subjects (Experiments 8, 9, and 10).
The results of these experiments allowed the conclusion that if exposure
to this concentration of lead is continuous (i.e., 168 hours per week),
then the blood lead concentration could reach the level of approximately
0.16 mg/100 g in somewhat less than two years of exposure. Thus, the
influence of the discontinuity of lead exposure inherent in the 40-hbﬁr
workweek schedule is undeniably important.

Experiments 11 through 15 were designed to determine the highest
concentration of airborne lead to which a normal individual might be
subjected continuously without incurring a measurable increase in the
lead concentration in blood or urine. This presumably would alsoc be the
concentration that would not significantly increase the body burden of
lead. No significant increases in bloecd or urinafy lead concentrations
were measured when subjects were exposed to 0.0l mg lead/m3 air; when
subjects were exposed to 0.02 mg lead/m3 air, an increase in the rate

of urinary lead excretion was noted for exposure periods of 42 hours per
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week. No demonstrable increase was noted when only 21 hours per week
were spent in the chamber. When the weekly exposure was increased to
73.5 hours per week at the same concentration, it became obvious, when
extrapolated over the lifetime of the individual, that this exposure
would result in a slow accumulation of a potentially harmful amount of
lead in the body.

During the 2l-year period of experimentation, the subjects received
weekly medical examinations. These examinations served the primary purpose
of ensuring the continued health of the subjects. However, the medical
records are also valuable in that some trends in the subjects' experi-
mental results can be identified. The medical evaluations included
measurements of the following: weight, respiration, blood pressure, pulse
rate, right-and-left-hand strength (dynamometer readings), stippled
erythrocyte count, reticulocyte percentage, urinary porphyrin excretion,
and delta-aminolevulinic acid (ALA) excretion. As would be expected,
no significant changes were noted for most of these factors. However,
the factors (i.e., stippled erythrocyte count, reticulocyte percentaéé,
urinary porphyrin excretion, and ALA excretion) considered to be potential
indicators of lead intoxication are discussed.

Changes in the blood have long been recognized as indicators of
both early-and-late-stage lead poisoning. Chemical alterations induced
by lead, although not entirely specific, represent interferences with
enzyme systems that are active in the synthesis of hemoglobin, and hence
are amdng the more subtle influences exerted by the absorption of leagd
in sufficient amounts and at sufficient rates.

The monitoring of the subjects' basophilic.granulation or stip-

pling of the erythrocytes during the course of the 15 experiments
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reinforced the growing consensus that this procedure is an unsatisfactory
and outmoded clinical method of identifying lead absorption. Figure 3.29
compares the subjects' mean stippled erythrocyte count per 50 fields
during their control perieds (C), exposure periocds (E), and post-exposure
periods (P). Also shown in the figure are the mean daily amounts of in-
gested lead during these periods, since ingested lead was found to strongly
influence the teotal amount of lead that was absorbed. It was concluded
from these results that the phenomenon of stippled erythrocytes is not

a specific sign of lead absorption. Since it does not vary guantitatively
with either the rate of absorption or the amount of lead absorbed, it is

a poor substitute for determining the concentration of lead in the blood
or the urine.

Reticulocytosis is another common but nonspecific finding in lead
poisoning cases, However, as shown in Figure 3.30 a high degree of corre-
lation between exposure to airborne lead particles and this condition was
not found. In fact, a comparison of the mean percentages of reticulocytes
measured during subjects' contreol (C), exposure (E), and post—exposure (P)
periods shows that there was often a significant drop in this factor when
a rise was expected, even when the mean amounts of lead ingested were
taken into account.

As graphically shown in Figure 3.31, the lead concentration changes
in the blood proved to be much more reliable-than the other hematologic
changes involving stippled erythrocytes and reticulocytosis.

The concentration of lead in the blood of the person who has
been exposed to inorganic lead is the most important single piece of
evidence required to portray the significance of absorption of lead.

Since the concentration of lead in the blood varies only within extremely

narrow limits from hour to hour and from day to day (except undex
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conditions involving concurrent and highly variable exposure to lead)},
only one determination would be required for diagnostic purposes were
it not for the possibility of the contamination of a sample of blood
with minute guantities ¢f lead in the processes of its withdrawal and
analysis. Because of these possibilities, even under the best of con-
ditions, it is advisable to obtain multiple samples (at least in duplicate)}
and to submit them for separate analysis. The results shoﬁld check within
the very narrow limits of a few micrograms when expressed in terms of
100 grams of whole blood if they are to be accepted as reliable.

When properly carried ocut, the determination of the rate of the
urinary excretion of lead provides specific and invaluable information
on the extent and significance of the lead abscrption of an individual.
The simplegt combination of materials for diagnostic purposes, and one
that will sexve to eliminate most of the errors of sampling and inter-
pretation, constitutes duplicate samples of blood taken by an instructed
person using special eguipment. Additionally, one or more "spot" samples
of urine, each voided directly into the container specifically provided
for the purpose and under the critical eye of an inspructed person, shouléd
be obtained. Analytical and physiclogic concurrence on the part of these
results will stamp them as valid, while variation among them beyond the
known ranges of analytic precision or physiologic limitation creates the
demand for furtﬁer investigation.

The significance of porphyrinuria, in relation to the diagnosis
of lead intoxication, is considerable. waever, abnormal guantities of
porphyrins, chiefly coproporphyrin III, appear in the urine as an expression
of a derangement of the synthesis of hemoglobin in a number of diseases,

including lead poisconing. The presence of excessive porphyrin in the
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urine seems to be among the first evidences of lead intoxication. Since
the goal of industrial hygiene in the lead-using industries is the pre-
vention of lead intoxication, reliance on this incipient sign of intoxica-
tion as a means of recognizing and terminating hazardous exposure to lead
prior to the appearance of more serious manifestations would seem to be
considerably less than satisfactory. Figure 3.32 displays the mean daily
coproporphyrin III excretion during the control (C), exposure (E), and
post-exposure (P) periocds of the lead inhalation subjects. BAlso shown
are the corresponding mean daiiy lead ingestions. Examination of this
chart indicates that when lead exposure levels are so low that lead in-
toxication does not result, the amount of urinary coproporphyrin III
excreted may not be a significant indicator of qbsorption.

Investigators have found that increased gquantities of delta-
aminolevulinic acid (ALA) appear in the urine prior to an increase in
coproporphyrin TII therein, and alsc that the former occurs in the urine
in an earlier stage of the absorpticn of lead (at lower levels of lead
concentration in the blood) than deces the latter. Hence, for the eérly
detection of potentially dangerous absorption of lead, especially for
purposes of preliminary screening prior to analysis of the blood, deter-
mination of the concentration of lead in the blood is preferable to either
of these. Figure 3.33 depicts the correlation found between the mean
concentration of ALA in the urine of the two subjects whose eXaminations
included this analysis and in the initiation of their lead exposure periods.
However, Figure 3.34 shows the superiority ¢f the measurement of urinary
lead excretion in relation to both ALA and copropeorphyrin III determinations.

Chapter 4 summarizes the conclusions-reachéd from all of the in-

halation and ingestion experiments.
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