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ABSTRACT

Far-UVC radiation, defined in this paper as ultraviolet (UV)
radiation with wavelengths from 200 to 235 nm, is a promis-
ing tool to help prevent the spread of disease. The unique
advantage of far-UVC technology over traditional UV germi-
cidal irradiation lies in the potential for direct application of
far-UVC into occupied spaces since antimicrobial doses of
far-UVC are significantly below the recommended daily safe
exposure limits. This study used a ceiling-mounted far-UVC
fixture emitting at 222 nm to directly irradiate an indoor
space and then evaluated the doses received upon a manikin.
Radiation-sensitive film was affixed to the head, nose, lip and
eyes of the manikin, and the 8-h equivalent exposure dose
was determined. Variables examined included manikin height
(sitting or standing position), manikin offset from directly
below the fixture, tilt of the manikin, the addition of glasses,
the addition of hair and different anatomical feature sizes.
Importantly, at the manikin position with the highest dose to
eyes, the average eye dose was only 5.8% of the maximum
directly measured dose. These results provide the first experi-
mental analysis of possible exposure doses a human would
experience from an indoor far-UVC installation.

INTRODUCTION

Preventing the spread of disease is a core public health goal, and
the 2019 outbreak of SARS-CoV-2 has highlighted the need for
technology to help in this endeavor. Ultraviolet radiation (UV,
UVR) is an established method for the inactivation of viruses,
bacteria and other microbes (1). UV wavelengths range from 100
to 400 nm; however, the 100 to 200 nm range is referred to as
“vacuum UV” and is not typically included in topics of germici-
dal UV applications because it is highly absorbed in air. UV
wavelengths are commonly categorized as UVC from 100 to
280 nm, UVB from 280 to 315 nm and UVA from 315 to
400 nm (1). Within the UVC is a subset of wavelengths from
200 to 235 nm which is often referred to as the far-UVC. The
safety and antimicrobial efficacy of far-UVC wavelengths is an
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emerging area of research both by our group (2-7) and others
(8-16).

Safety concerns associated with UVR exposure when using
UV germicidal lamps are warranted. UV exposure can cause var-
ious skin conditions, such as skin cancer, erythema and photoag-
ing, or eye effects, such as photokeratitis, conjunctivitis,
cataracts and pterygium (17-22). Luckily, anatomical features
associated with the eye including brow ridge, cheek angle, curva-
ture of the anterior ocular surface, ocular media, ocular protein
structure composition, percent of lid closure during exposure,
and facial coverings such as hats and glasses all play a role in
reducing ocular UVR doses (23). While limiting UV exposure to
the eyes is generally important for safety, the health hazard for
ocular damage is also highly wavelength-dependent. Traditional
germicidal UV fixtures, usually comprised of low-pressure mer-
cury lamps, emit with a primary peak in the UVC range at
254 nm and are well established for use as physical disinfectants
for contaminated air and surfaces (1, 24, 25). However, conven-
tional 254 nm low-pressure mercury lamps used for air disinfec-
tion are typically high-intensity devices which irradiate
unoccupied areas (e.g. installed in upper room areas above the
room occupants or portable devices positioned to disinfect whole
rooms which have been temporarily vacated).

Recently, studies of UVR have revealed that 222 nm far-UVC
radiation is highly effective for inactivation of surface and air-
borne microbes (3, 4, 26-31) while also proving to be much
safer to skin and eye tissues. The safety of the far-UVC is
derived from the high attenuation of these wavelengths in biolog-
ical tissues. Radiation at 222 nm can penetrate smaller microbes
which are generally <1 pm in diameter; however, its penetration
into human cells (~10-20 pm) is minimal because it is largely
absorbed by the proteins of the cytoplasm before reaching DNA
in the cell nucleus (32, 33). This principle of absorption provid-
ing protection is observed more generally for ocular exposures,
with the human cornea (approximately 500 pm thick) completely
absorbing all UVC radiation, so there is no threat of damage to
the lens; far-UVC has an even higher attenuation than other
UVC, so the penetration of these wavelengths is even more lim-
ited (34, 35).

Regardless of wavelength, exposure limits and safety guideli-
nes remain for all UV radiation exposures. Verification that
human exposure is kept below these limits is therefore necessary
for any installation of UV lighting. Occupational safety guideli-
nes, including those published by the American Conference of
Governmental Industrial Hygienists (ACGIH) (36) and the


https://orcid.org/0000-0001-9625-4205
https://orcid.org/0000-0001-9625-4205
https://orcid.org/0000-0001-9625-4205
https://orcid.org/0000-0003-2784-496X
https://orcid.org/0000-0003-2784-496X
https://orcid.org/0000-0003-2784-496X
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

International Commission on Non-Ionizing Radiation Protection
(ICNIRP) (37), provide widely accepted safe exposure levels for
UV lighting. These safe exposure limits are called threshold limit
values (TLVs) by the ACGIH and exposure limits (ELs) by the
ICNIRP. Prior to this year, the TLVs and ELs were generally in
agreement with values throughout the UV wavelength range, but
the ACGIH announced higher limits for many UVC wavelengths
in their 2022 publication (36-38). The TLV (or EL) specifies the
8-h exposure limit under which it is expected that humans may
be repeatedly exposed without acute effects or risk of delayed
effects. The recommendations are wavelength-dependent, and
limits for far-UVC exposure are higher than for conventional
germicidal UV; for example, the ACGIH and ICNIRP limit for
222 nm exposure are approximately 160 mJ cm™ (ACGIH) and
23 mJ cm™ (ICNIRP) while the limit for 254 nm exposure is
only 6 mJ cm™2. Ultimately, the exposure dose received is a pro-
duct of the source intensity and the exposure duration, so mini-
mizing these factors is often a goal to increase safety. A
common use of UVC for germicidal application is upper-air
room disinfection. Fixtures for upper room installations are
designed to only irradiate and disinfect room air above the occu-
pied space, and this approach effectively limits the dose received
by the room occupants. However, because far-UVC installations
are being designed to irradiate human-occupied spaces, there is a
high level of importance to exploring the expected doses an
occupant would receive.

Most studies of UV dosing to the human face and eyes have
been performed outside utilizing sunlight. A 1988 study by
Rosenthal ef al. (39) examined ocular exposure from UVR wave-
lengths of 295-330 nm on UV-sensitive films placed between
the eyes of fishermen, landscapers and construction workers dur-
ing different times of the year and in the presence and absence
of a hat. Their study found that wearing a brimmed hat, working
in the presence of reflective surfaces and seasonal variation all
significantly affected ocular exposure to UVR. Other more recent
studies continue to utilize similar solar principles for ocular
exposure, safety and dosimetry comparisons (40—48).

With the increase in manufacturing of far-UVC emitting
lamps, the concept of using 222 nm KrCl excimer lamps in
indoor settings for antimicrobial disinfection in the presence of
humans is now becoming practical. The installation of far-UVC
lamps to directly expose human-occupied areas such as public
transportation, restaurants and schools appears to be a promising
approach to reduce disease transmission. Yet, the UV dose to the
human face and eyes from these fixtures mounted in indoor set-
tings remains poorly understood. Here, we use UV-sensitive film
and a ceiling-mounted 222 nm far-UVC KrCl excimer lamp
above realistic human manikin analog heads to determine radia-
tion doses received to the human eyes as well as the head, nose
and lips. The study examines the amount of UV dose received in
an extrapolated 8-h period by the human head at different posi-
tions and with varying human features, highlighting the limited
dose received by the eyes. Our results provide novel insight
regarding safe operation of 222 nm wavelength far-UVC lamps
in human-occupied spaces.

MATERIALS AND METHODS

UV source. A Lumenizer-300 excimer lamp fixture (LumenLabs, Austin,
TX) was used as the UV source for all experiments. The fixture is
305 mm X 345 mm and contains 3 LumenLabs Lpack-1A KrCl excimer
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bulbs emitting primarily at 222 nm as well as integrated optical filters to
reduce emissions outside the 222 nm peak. The three lamps are capable
of directional adjustments to tilt from a directed downward position to a
45-degree outward position. All experiments were performed with the
lamps tilted at the 45-degree outward position as recommended by the
manufacturer based on the 2.6 m ceiling mounting height of the lamp.
We considered directly under the lamp to be the central axis of the lamp.
Lamps were operated for a 20-min warm-up period before any
measurements.

Light characterization. Spectral characterization of the Lumenizer-300
lamp was performed using a Gigahertz Optik BTS2048-UV
spectroradiometer (Gigahertz-Optik Inc, Amesbury, MA). The spectral
output for the lamp used in the study has a peak emission at 222 nm,
and the UV spectrum is shown in Figure S1. A UIT2400 meter (Ushio
America Inc., Cypress, CA) equipped with an SED220 detector and W
diffuser input optic was also used for irradiance measurements. The
UIT2400 meter was used to obtain horizontal irradiance (meter oriented
toward ceiling) and vertical irradiance (meter oriented toward wall)
measurements at each of the six measurement positions shown in Fig. 1.
The direct irradiation measurement was obtained at each of the six
positions by orienting the UIT2400 meter to aim directly at the lamp to
produce the maximum irradiance value at that position.

Measurements, location and positioning. Two manikins with realistic
facial features were purchased and used as human analogs for dosing
measurements: a primary, bald manikin (Fig. 2, panels A-E), and a
secondary manikin with in-built hair as seen in Fig. 2F. For each manikin,
the top of the head was placed at six positions: three positions at
approximately the 75th percentile average standing height of adult males
(~1.8 m from the floor) and three positions at a sitting height (~1.3 m from
the floor) (49). Both heights had three different offsets from underneath the
central axis of the lamp: 0 m (directly under the central axis of the lamp), a
0.5 moffsetand a 1 m offset. For each position, the manikin was placed on a
360-degree rotating stage which operated continuously at approximately 2
rotations per minute in the rightward direction during exposures. The
schematic of the positions is provided in Fig. 1. Additionally, each location
and position had three different tilt angles: a 0-degree tilt, a 15-degree
forward tilt and a 15-degree backward tilt as seen in Fig. 2, panels A—C. In
all, this totaled 18 unique positional measurements. All experiments used a
film exposure time of 10 min.

Potential alteration of the UV radiant exposure dosing to the manikin
face was also tested with the addition of glasses and different hair style
conditions separately. A basic pair of plastic, drug store reading glasses
was used as seen in Fig. 2, panel E. One hair style tested was a curly,
afro-like wig placed on the head of one primary manikin (Fig. 2, panel
D); the other hair style was short hair permanently attached to the sec-
ondary manikin (Fig. 2, panel F). Each additional asthetic condition was
measured as before for radiant exposure with film in each of the 18 posi-
tional locations as mentioned above.

UV-sensitive films. The film product used in this study was
OrthoChromic Film OC-1 (Orthochrome Inc., Hillsborough, NJ). OC-1
film is marketed as a tool for radiation therapy measurements though its
utility in UVC dosimetry has been demonstrated elsewhere (50). The
flexible film is 155 pm thick, consisting of a 30 pm active coating on a
125 pm white polyester base. The active region must be oriented toward
the UV source during measurements since the polyester layer is opaque.
Importantly, the film is minimally sensitive to ambient room lighting
conditions and the brief exposure times of this experiment did not have
an impact on the doses measured (50).

Films were cut into rectangles approximately 2 cm X 1.5 cm and
placed at the same five anatomical locations on the manikin for each
measurement location and position: top of the head, over the left eye,
over the right eye, bridge of the nose and superior lateral position of the
upper lip as shown in Fig. 3. New films were used for each measure-
ment, and film placement was performed in the absence of lamp radiation
to avoid unwanted exposure to active regions before recorded measure-
ments. Films were analyzed within 24 h of exposure.

Film analysis. We utilized an Epson Perfection V700 photo flatbed
scanner (Epson, Suwa, NGN, Japan) for quantification of the color of
each film (50). The scanner was operated in reflection mode and captured
48 bit RGB TIFF images with all color correction factors turned off.
MATLAB (Mathworks, Natick, MA) was used for analysis. Only the
green color channel was utilized for this study as it showed the best dose
response. The color density (CD) of each pixel value was calculated with
the equation:



162 Michael A. Duncan et al.

e

1.3 m

Y Y

Y

Figure 1. Positions of the far-UVC fixture and the manikin. The far-UVC fixture was attached to the ceiling and directed down. The six positions of
the manikin represent sitting height (1.3 m) and standing height (1.8 m) measured from the floor of the room for three horizontal positions ranging from

directly under the lamp to a 1.0 m offset.

pixel value
D= -1 —_— 1
¢ Oglo( 65536 ) W
and the net color density calculated as:
net CD = CD—CDypexposed = dx(D), 2)

with the CDypexposea being the CD for an unexposed piece of film and
d,(D) being the response for a given radiant exposure dose (D). Data for
each exposure condition were matched to a fitting function with the
form:

7a+bD
T D+c’

d(D) 3

where a, b and ¢ are constants. The fitting function was optimized in
MATLAB using the curve fitting tool to minimize the squared difference
between the experimental data and the fit equation.

A calibration curve specific for the film dose response from exposure
to the Lumenizer-300 fixture was established for use throughout testing.
Calibration exposures were performed with an irradiance of 5 {W cm™>
measured using the UIT2400 meter. The radiant exposure doses for the
calibration ranged from 135 {J cm™ to 5.67 mJ cm™2 The coefficients
calculated to fit Eq. (3) were a = 0.00994 (95% confidence interval (CI)
(—0.04648, 0.06637)), b = 0.4424 (0.1989, 0.6859) and ¢ = 19.1 (5.786,
32.41), and the goodness of fit calculations produced an r-squared value
of 0.9962.

The total radiant exposure dose received for each film was calculated.
The radiant exposure dose was then divided by the exposure time to get
the average irradiance upon the film during the 10-min exposure. The
average irradiance was then extrapolated to an 8-h exposure to obtain the
radiant exposure dose value reported for each film.

Statistical analysis. A comprehensive statistical table was generated
for the dose measured at each position using mean doses and standard
deviations. Additionally, multivariate linear regression was performed (R
programing language 4.0.3, Vienna, Austria) to model the responses of
five dependent variables (doses in different facial locations) as function
of six independent variables (predictors). The predictors were: sitting vs

standing (coded as sitting = 1, standing = 0), offset (0, 0.5, 1 m), tilt
(coded as no tilt = 0, 15° forward = 1 and backwards = —1), manikin
type (coded as primary manikin = 1, secondary manikin with in-built
hair = 0), the presence of glasses applied to the primary manikin (coded
as present = 1, absent = 0) and the presence of an afro wig applied to
the primary manikin (coded as present = 1, absent = 0). The response
variables were doses measured for each of the five film locations: the top
of the head (head), the left cornea (left eye), the right cornea (right eye),
the bridge of the nose (nose) and the superior lateral position of the
upper lip (lip). Since the raw data for the response variables consisted of
positive integer values, we used the Anscombe transformation to bring
the data distribution closer to Gaussian to facilitate the linear regression
analysis. The transformation is described as follows, where D(i) is the
dose measured at location 7, and D(i) is the corresponding transformed
dose, which was used as the response in multivariate regression:

Drli) = 2/D(i) + @

RESULTS

Direct measurements of room irradiance

An assessment of the irradiance at the six manikin positions was
performed using the optical power meter. Table 1 provides the
results of the measured irradiance values and the extrapolated 8-
h doses. All assessment measurements maintained the experimen-
tal setup with the excimer lamps tilted at an outward angle of
45° from the central axis of the lamp. The largest value for irra-
diance occurred at standing height (1.8 m) at an of offset 0.5 m
with the meter aimed directly toward the fixture, which was
recorded as the maximum directly measured dose. At this maxi-
mum, the directly measured 8-h exposure dose was thus calcu-
lated to be 106.56 mJ cm™>.
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Figure 2. Variations in the manikin setup positions. The top row shows the primary manikin tilted forward 15° (A), not tilted (B) and tilted backwards
15° (C). The bottom row shows the addition of the afro wig to the primary manikin (D), the addition of a pair of glasses to the primary manikin (E)

and the secondary manikin with in-built hair (F).

Measurement of radiant exposure using manikins

Color density analysis of OrthoChromic OC-1 film exposure
from the 222 nm KrCl lamp was performed as described above.
Extrapolated 8-h doses for all the measurements are provided
in Table SI1. The measured doses ranged from O to
183 mJ em™2. Aggregate doses for extrapolated 8-h exposures
(in mJ em™2) for all manikin conditions are plotted for the vari-
ous positions in Fig. 4. The values for the data plotted in
Fig. 4 are included in Table S2. The highest average radiant
exposure doses for the sitting and standing position were at an
offset of 0.5 m away from the source and on top of the head,
with doses of 59.25 mJ cm™ (SD = 10.88) and 150.4 mJ cm™>
(SD = 24.5) respectively. Eye doses remained close to zero in
every sitting position, with the highest average doses at a 1 m
offset for both the left eye and right eye of 0.92 mJ cm™>
(SD =2.1) and 1.42 mJ cm™2 (SD = 2.23), respectively. Inter-
estingly, the highest exposures to the left and right eye in the
standing position took place at an offset of 0.5-m with doses

of 517 mJem™2 (SD =9.1) and 7.33 mJ cm™2 (SD = 11.6),
respectively.

Predictor-dependent dosing effects: A multivariate linear
regression

A multivariate linear regression was used to predict the effects of
the six predictor variables on the dosing to the five anatomical
locations. Results of the regression are provided in Table 2. Sit-
ting was shown to be the only consistent significant predictor for
dosing in all five film locations with the head showing the lar-
gest S effect from sitting (the largest absolute value of the slope
coefficient, f) and the right eye showing the smallest effect from
sitting (# = —5.1 standard error (SE) = 0.97, P = 1.93E-06 and
p=-1.14 SE =041, P = 6.81E-03), respectively. Tilting of
the manikin 15° backwards showed a significant effect to all film
locations except for the top of the head, with the largest effect
seen on the nose (f = —3.35 SE =047, P = 1.27E-9). Addi-
tionally, offset showed a significant effect to dosing of the head
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Figure 3. Film positions on the manikin. Films (light blue rectangles)
were placed on the head, left and right eyes, nose and lip. Films were
placed in the corresponding locations when the secondary manikin was
used. Tape was used to affix the film to the manikin. Film on the head
was placed on top of the hair when present, either from the addition of
the wig or the in-built hair.

Table 1. Measurements of the lamp using the optical power meter along
with the corresponding calculated 8-h doses.

Offset
Height
Sensor configuration (m) 0m 0.5m 1.0 m
Measured Irradiance (pW cm™?)
Horizontal irradiance 1.8 3.100  3.100 0.300
1.3 1.200  1.700 1.100
Direct irradiance (meter 1.8 3.100  3.700 0.550
directed at fixture) 1.3 1.200  1.800 1.400
Vertical irradiance 1.8 0.025 1.300 0.300
1.3 0.018  0.260 0.530
Calculated 8-h dose (mJ cm™)
Horizontal irradiance 1.8 89.280 89.280  8.640
1.3 34.560 48.960 31.680
Direct irradiance (meter 1.8 89.280 106.560 15.840
directed at fixture) 1.3 34.560 51.840  40.320
Vertical irradiance 1.8 0.720  37.440  8.640
1.3 0.518 7.488 15.264

The maximum calculated 8-h dose was chosen as the maximum directly
measured dose (106.56 mJ cm™ for this study, bolded text).

(f=-481 SE =1.19, P = 1.51E-04) and the lip (f = —-2.98
SE = 0.48, P = 3.61E-08). Finally, the presence or absence of
hair or a wig showed significant effects to the right eye, nose
and lip, while glasses showed a marginally significant effect only
to the right eye.

DISCUSSION

This study measured the UV dose received from a 222 nm far-
UVC excimer lamp fixture ceiling-mounted to directly expose an

occupied area. This setup allowed for measurement of the pre-
dicted 8-h exposure dose on a manikin at five anatomical posi-
tions including the top of the head, the left and right eye, the
bridge of the nose and the superior lateral portion of the lip. The
results indicated that regardless of manikin position the highest
dose was received upon the top of the head, with the next high-
est dose upon the bridge of the nose, followed by the superior
lateral position of the lip and finally, the eyes.

As with installations of upper room UV, any installation of
far-UVC within an occupied space will need to operate within
the TLVs or ELs. Upon review of the results of this work, some
of the 8-h doses from the current exposure setup exceeded the
23 mJ cm™? ICNIRP EL for 222 nm radiation, particularly those
for the top of the head in the standing position. We will note that
these measurements did not account for any movement around
the room through time-weighted averaging, which is standard
practice when applying the TLV or EL (46). Therefore, an
assumption that an occupant would perhaps be standing in the
exposure area for only 1 h out of 8 would reduce the expected
dose proportionally. As with upper room UV installations, a
careful assessment of the entire installation taking into account
factors such as expected positioning of occupants within a space
would be needed for any far-UVC installations for direct human
exposure.

The most sensitive organ to UVC damage is the eye, and
accordingly the TLVs and ELs have been set to prevent eye irri-
tation (36, 37). Notable within the conditions tested in this work
is the minimal exposure dose upon the eye. As shown in Fig. 4
and Table S2, when the dose is aggregated from all the measured
positions the dose received by the eyes is well below the
23 mJ cm™? ICNIRP EL for 222 nm radiation. However, the
constant rotation of the manikin head during the test exposure
presents a possible weakness of this study in measuring dose to
the eye and other facial features. The constant rotation was
included to capture multiple exposure angles to try to represent
realistic exposure scenarios; however, the rotation also resulted
in the face pointing away from the source for half of the expo-
sure time. It may be appropriate to multiply the exposure doses
for the eye and face by a factor of two to account for this. If a
far-UVC installation were to include more than one fixture close
enough to overlap exposure fields then it is also possible that a
face would point toward a lamp more often than with the rota-
tion setup and single lamp condition tested here, in which case
incorporating a factor increase of two to each of our measur-
ments may also be appropriate. Notably, one exposure condition
did result in an 8-h dose to the eye of >23 mJ cm™> ICNIRP EL
for 222 nm: the standing height of 1.8 m at an offset of 0.5 m
with the manikin in a tilted back position. However, accounting
for time-weighted averaging, since it would be highly unlikely
someone would stay in this position with a constant exposure
from the fixture for 8 h, would reduce these exposure doses to
below the daily EL.

A useful metric for assessing eye hazard is to look at the dose
received by the eyes as a percentage of the maximum directly
measured dose. Measurements for direct exposure dose in this
work suggested a maximum 8-h dose of 106.56 mJ cm™>. The
average dose received by the eyes was maximum when standing
0.5 m offset from the lamp, with an average eye dose of
6.25 mJ ecm™ (left eye 5.17 mJ cm™2, right eye 7.33 mJ cm™>)
across all the conditions tested; this suggests doses to the eye of
only 5.8% of the directly measured dose. This result is in good
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Figure 4. Summary of aggregated dosing values. Average extrapolated 8-h film dosing for manikin positions of sitting (A), standing (B) and aggregate
of sitting and standing (C). Mean doses with representative standard deviation error bars are plotted. Empirical data can be found in supplemen-

tal Table S2.

agreement with the measurements by Urbach for orbital exposure
from the sun, which reported between 0% and 10% radiation to
the orbit compared to the maximum exposure dose received (51).
Similarly, Sydenham et al. (52) reported the eye receiving
approximately 22% of the solar dose to the chest. A study by
Cole et al. (53) examined the spatial distribution of irradiance
across a mannequin head under indoor fluorescent illumination.
That study measured irradiance to the inner canthus of the eye as
only 4% of that which is received by the top of the head. Over-
all, it appears that the anatomical features which protect human
eyes from both solar radiation and indoor lighting will provide
similar protection for ceiling-mounted installations of far-UVC.
The 2022 publication of the ACGIH TLVs included an
increase to the ultraviolet radiation limits in much of the UVC
(36). The new recommendations separate the TLVs for eye expo-
sure from those for skin exposure. The new TLV for skin expo-
sure at 222 nm, about 479 mJ cm™2 is approximately three
times the new TLV for eye at 222 nm, which is about
160 mJ cm™2. The results of this work showed an average dose
to the eye of only 5.8% of the maximum direct dose, which sug-
gests that the eye dose should not approach the TLV as long as
the direct measurements remain within the TLV, using the
respective TLVs. Since the ICNIRP EL does not make a distinc-
tion between eye and skin limits, the dose to the eyes when

exposed with a direct exposure within the 8-h EL would likewise
only be a fraction of the allowable dose.

The position with the highest dose to the eyes was at 1.8 m
standing height and 0.5 m offset. This maximum is likely due to
both the emission pattern of the lamp, with radiation emitting at
an angle away from the fixture, and the protective anatomical
features of the brow being less effective with radiation from a
lower angle. Also, important to note when reviewing these
results is that while the manikin has many anatomically correct
features, the manikin omitted any protective features of the eye-
lid. In reality, changes in the eyelid position and periodic blink-
ing would further reduce the actual dose received upon the eye.

The multivariate linear regression analysis performed in this
work permitted an evaluation of the impact of each of the predic-
tor variables tested upon the expected dose at each anatomical
position on the manikin. As expected, changing the distance
from the source between the sitting and standing positions was
significant for predicting dose to all film locations. While offset
of the manikin had a significant effect on dose to the head and
lip, it was not a significant factor for other film locations; how-
ever, this could be caused by the small values for doses recorded
for locations such as the eye limiting the measurement range.
The tilt of the manikin backwards was associated with higher
exposures to the eyes, nose and lip since these features would be
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Table 2. Multivariate linear regression results.

Film location Predictor p coeff. Std. err. P-value
Head Intercept 19.81 1.24 3.77E-24
Sitting -5.10 0.97 1.93E-06
Offset -4.81 1.19 1.51E-04
Tilt 0.13 0.60 8.26E-01
Primary manikin 1.33 1.38 3.39E-01
Glasses 0.65 1.38 6.37E-01
Primary manikin -0.36 1.38 7.95E-01
with wig
Left eye Intercept 2.38 0.50 1.07E-05
Sitting —-1.16 0.39 4.21E-03
Offset 0.31 0.48 5.26E-01
Tilt -1.12 0.24 1.48E-05
Primary manikin 0.99 0.55 7.79E-02
Glasses —1.06 0.55 6.08E-02
Primary manikin -1.10 0.55 5.14E-02
with wig
Right eye Intercept 2.24 0.52 5.36E-05
Sitting -1.14 0.41 6.81E-03
Offset 0.50 0.50 3.15E-01
Tilt -1.25 0.25 4.24E-06
Primary manikin 1.49 0.57 1.20E-02
Glasses -1.34 0.57 2.27E-02
Primary manikin -1.35 0.57 2.16E-02
with wig
Nose Intercept 7.27 0.99 3.66E-10
Sitting -3.94 0.77 3.20E-06
Offset 0.18 0.95 8.49E-01
Tilt -3.35 0.47 1.27E-09
Primary manikin 6.62 1.09 7.77E-08
Glasses 0.36 1.09 7.45E-01
Primary manikin -3.86 1.09 7.65E-04
with wig
Lip Intercept 4.64 0.61 1.27E-10
Sitting —2.98 0.48 3.61E-08
Offset 1.31 0.58 2.85E-02
Tilt -3.25 0.29 1.02E-16
Primary manikin 3.02 0.67 3.00E-05
Glasses 0.23 0.67 7.33E-01
Primary manikin —1.68 0.67 1.49E-02
with wig

Significant predictor P-values are bolded.

more directly exposed with this head position. Comparing the
two manikin types yielded some significant differences in the
right eye, nose and lip. These results suggest that anatomical dif-
ferences, such as brow ridge shape, can ultimately affect the dose
received by an individual. The addition of glasses to the manikin
did show a decrease in dose received by the eyes, but the effect
was only significant in the left eye; again, the small maximum
dose received by the eye limited the overall dose range that
could be analyzed so large decreases were not possible. Finally,
the addition of the afro wig to the manikin decreased the
received dose in many of the film locations that were protected
by the hair. It is notable that the film for the top of the head was
placed on top of the hair as close as possible to the scalp but not
directly on the scalp during exposures with the wig, so this dose
is not indicative of what would be received at the scalp, which
should be significantly reduced by the presence of hair (54).

While this study encompassed various manikin positions and
features, we stress that these results should not be used as a
statement regarding the hazard of operation of this particular fix-
ture. Instead, each installation of far-UVC should be installed
and commissioned to operate within the TLVs or ELs within the
unique space they are placed.

Overall, this study provides the first analysis of possible expo-
sure doses which might be experienced using an indoor far-UVC
installation. The use of manikin head phantoms to simulate the
natural protection of the eyes by the brow and other anatomical
features makes this a good model for expected eye dose. Impor-
tantly, the results indicate that the eyes only receive a small frac-
tion of directly measured dose, calculated at 5.8% in this study,
and this can be useful for hazard assessment with future far-
UVC installations.
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