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Masking Between Reserved Alarm Sounds of the IEC
60601-1-8 International Medical Alarm Standard:

A Systematic, Formal Analysis
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Objective: In this work, we systematically evaluated the
reserved alarm sounds of the IEC 60601-1-8 international
medical alarm standard to determine when and how they can
be totally and partially masked.

Background: IEC 60601-1-8 gives engineers instruction
for creating human-perceivable auditory medical alarms. This
includes reserved alarm sounds: common types of alarms
where each is a tonal melody. Even when this standard is hon-
ored, practitioners still fail to hear alarms, causing practitioner
nonresponse and, thus, potential patient harm. Simultaneous
masking, a condition where one or more alarms is impercep-
tible in the presence of other concurrently sounding alarms
due to limitations of the human sensory system, is partially
responsible for this.

Methods: In this research, we use automated proof
techniques to determine if masking can occur in a modeled
configuration of medical alarms. This allows us to determine
when and how reserved alarm sound can mask other reserved
alarms and to explore parameters to address discovered
problems.

Results: We report the minimum number of other
alarm sounds it takes to both totally and partially mask each
of the high-, medium-, and low-priority alarm sounds from
the standard.

Conclusions: Significant masking problems were found
for both the total and partial masking of high-, medium-, and
low-priority reserved alarm sounds.

Application: We show that discovered problems can be
mitigated by setting alarm volumes to standard values based
on priority level and by randomizing the timing of alarm tones.
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INTRODUCTION

Healthcare personnel are failing to react to
medical alarms. The Pennsylvania Patient Safety
Authority (ECRI Institute & ISMP, 2009) doc-
uments 194 incidents of healthcare workers not
responding to telemetry monitoring alarms from
June 2004 to December 2008 (12 of which pro-
duced fatalities). A Sentinel Event Alert (The Joint
Commission, 2013a; covering January 2009—June
2012) described 98 alarm nonresponses, where
five led to extended hospital stays, 13 resulted in
“permanent loss of function,” and eight resulted
in deaths. Not surprisingly, the ECRI Institute has
identified medical alarms as one of the most sig-
nificant technological hazards to patient safety for
over a decade (ECRI Institute, 2014; Stead & Lin,
2009).

There are many reasons why humans may
not respond to medical alarms (Edworthy, 2013;
Edworthy, McNeer, et al., 2018; Phansalkar et al.,
2010). The perceivability of medical alarms in the
presence of other medical alarms is a contributor
to this problem (ECRI Institute, 2014; The Joint
Commission, 2013a, 2013b; Vockley, 2014).
In particular, the Joint Commission’s National
Patient Safety Goal from 2014 to “improve the
safety of clinical alarm systems” said that “indi-
vidual alarm signals are difficult to detect” (The
Joint Commission, 2013b).

The IEC 60601-1-8 international medical alarm
standard (IEC 60601-1-8:2006+AMD1:2012,
2012) was specifically created to give engineers
guidance about how to design and test medical
alarms so that they are “readily discernible with-
out being unnecessarily distracting or disturbing.”
To accomplish this, the standard contains a set of
reserved alarm sounds (for common alarm con-
ditions). Unfortunately, the melodic patterns of
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tones that are specified within IEC 60601-1-8
make them particularly susceptible to simultane-
ous masking: a condition where multiple sounds
interact in a way that prevents the human sen-
sory system from hearing one of or more of them
(Fastl & Zwicker, 2006).

Simultaneous auditory masking has been
acknowledged as a hazard of alarms by many
experts and researchers (Edworthy & Hellier,
2005, 2006; Edworthy & Meredith, 1994;
Konkani et al., 2012, Meredith & Edworthy,
1995; Patterson, 1982; Patterson & Mayfield,
1990) and experimentally detected in clinical
settings (Momtahan et al., 1993; Toor et al.,
2008). As such, simultaneous masking is a real
problem because, if practitioners fail to hear
an alarm, they will not be able to respond to
it. Thus, it is one of the factors contributing
to practitioners failing to respond to medical
alarms (The Joint Commission, 2013b) and
its associated negative health outcomes (ECRI
Institute, 2014; Stead & Lin, 2009).

Simultaneous masking can be very difficult to
detect experimentally because it may only occur
with very specific interactions of multiple, con-
currently sounding medical alarms. For this rea-
son, we developed formal computational methods
(Bolton, Edworthy, Boyd, et al., 2018, Bolton
et al., 2016, Hasanain et al., 2014, 2016, 2017)
that use automated proof techniques and the psy-
choacoustics of simultaneous masking to deter-
mine if masking exists in a modeled configuration
of medical alarms. We have validated these meth-
ods with human participant experiments (Bolton
et al., 2020) and used them to discover serious
problems with real alarms designed in confor-
mance with IEC 60601-1-8 (Bolton, Edworthy,
Boyd, et al., 2018; Bolton et al., 2016, Hasanain
et al., 2017). However, nobody has investigated
the masking potential of the reserved alarms
(common alarms to be used across devices) that
are specified in the standard.

In this work, we use the latest version of our
method (Bolton, Edworthy, Boyd, et al., 2018)
to systematically evaluate the IEC 60601-1-8
alarm sounds. In what follows, we provide a
background for understanding our method and
a deeper description of our research objectives.
We then describe the methods we employed

in our analyses and their results. We then dis-
cuss our results and explore future research
possibilities.

BACKGROUND

In this section, we discuss the information
necessary for understanding our research. This
includes background on our method and the
IEC 60601-1-8 standard.

Our Method

Our method (Bolton, Edworthy, Boyd, et al.,
2018; Bolton et al., 2016; Hasanain et al., 2014,
2016, 2017) detects simultaneous masking by
using a unique combination of psychoacoustics
and model checking to determine if masking is
ever possible in a modeled configuration of med-
ical alarms.

The psychoacoustics of simultaneous masking
(Bosi & Goldberg, 2003) mathematically rep-
resent how the volume and tone/frequency of a
sound cause masking. These are based on how the
sensitivity of sensory cells on the inner ear’s bas-
ilar membrane changes in the presence of other
sounds. This threshold shift is represented as a
masking curve. For tonal sounds, like those used
in [EC 60601-1-8, the masking curve for a given
masking sound (the masker) is represented as:

Urve, i) =

spread

asker Conastee ™ Zmasher)”

v —6.025 —0.275 -z (1)

masker ‘masker®

where zaskee AN Ziasker are the frequency of the
potentially masked sound (the maskee) and the
masker, respectively, on the Bark scale (Zwicker
& Feldtkeller, 1967); and vpuser 1S the volume
of the masker in dB. The spreading function
spread, . represents how the masking effect
changes as the frequency distance between
the maskee and masker (znaskee — Zmasker OF 0Z)
changes:
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Masking effects represented in masking curves
is additive, where masking potential increases
with the number of sounds in the environment
(Lutfi, 1983). The additive process produces a
new absolute threshold of hearing (in dB) of a
sound (the potential maskee) in the presence of
N masker sounds with the formulation (Bosi &
Goldberg, 2003):

10 - log  10@Smaskee)10

+ (% (10 (Curvem“kern (zmm/m,))/lo) a> 1/05> . (3)

n=1

mtresh =
maskee

In this, « is a constant that can vary based on
the type of sounds. In our work, we use o = 0.33
because it is most appropriate for tonal sounds
masking other tonal sounds. Furthermore,
abs . is the original absolute threshold of
hearing at the maskee’s frequency. This is rep-
resented by:

absmaskec = 3'64 ' maskee/looo) 08
6.5 . 006 (fnaskee/1000—3.3)* o
#1073 (1,,,./1000)*,
where f, . is the maskee’s frequency in Hz.

With these psychoacoustics, if the potential
maskee’s volume is less than or equal to the
new threshold (mthresh, , ;: Equation 3), the
maskee will be simultaneously masked.

These psychoacoustics have been validated
and used in many applications (Ambikairajah
et al., 1997; Brandenburg & Stoll, 1994). This
includes being the basis of the MPEG and other
“lossy” audio codecs (Bosi & Goldberg, 2003).
Specifics about the psychoacoustics used in
our method can be found in Bolton, Edworthy,
Boyd, et al. (2018) and Hasanain et al. (2017).

Model checking (Clarke et al., 1999) is an
automated approach to performing mathemat-
ical proofs (called formal verification), which
comes from the larger discipline of formal
methods. To perform model checking, an ana-
lyst must create a formal model that captures a
target system’s behavior. This is usually repre-
sented as a collection of concurrently executing
state machines: a set of variables and transitions
between variable values. Specification proper-
ties are used to assert desirable system condi-
tions using a combination of model variables,

Boolean logic operators, and temporal operators
(Emerson, 1990). The model check approach to
formal verification proves whether or not the
model satisfies the specification by exhaustively
searching the system model’s statespace. The
specification is proven true if no violation is
found. If one is discovered, the model checker
produces a counterexample: a trace through the
model that shows how the violation manifested.
Model checking is predominately used to ver-
ify computer software and hardware. However,
research has been showing that it can be used
in human factors (Bolton et al., 2013; Bolton,
2017; Weyers et al., 2017) and medical sys-
tems engineering (Bolton & Bass, 2009, 2010;
Bolton et al., 2012).

When psychoacoustics and model checking
are combined together in our method (Figure 1;
Bolton, Edworthy, Boyd, et al., 2018; Bolton
etal., 2016, Hasanain et al., 2017), analysts use an
Excel spreadsheet to model alarms. Software then
automatically generates formal models of the rep-
resented alarms along with the specification prop-
erties for checking whether masking can occur.
The method supports the ability to detect both the
partial and total masking of each modeled alarm
in the configuration. When one of these proper-
ties is checked, the model checker will consider
all the possible alarm sound interactions to see
if it can discover masking. The newest version
of the method (Bolton, Edworthy, Boyd, et al.,
2018) significantly improves the scalability/effi-
ciency of the approach compared with previous
versions (Bolton et al., 2016, Hasanain et al.,
2014, 2016, 2017) to enable its use with industrial
applications.

It is beyond the scope of this article to describe
the details of how the formal model in the method
(Figure 1) is constructed. Details about this can be
found in Bolton, Edworthy, Boyd, et al. (2018).
A conceptual overview is shown in Figure 2.
Specifically, the formal model contains variables
to represent the state of each of the N alarms
as they change over time. Each state where the
alarm is producing sound is given a unique iden-
tifier (i.e., Alarm, , is the state when alarm one is
sounding its second tone). Whenever any alarm
is not producing sound (it is not sounding or is
in a pause), it is in state Alarm,. The start time of
each alarm is an open parameter that can assume
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Figure 1. The method for using model checking to discover masking between
concurrently sounding medical alarms (Bolton, Edworthy, Boyd, 2018; Bolton,

Edworthy, Boyd, et al., 2018).
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Figure 2. Conceptual overview of how the formal alarm model from Figure 1 works. Note
that the Present and Count variables are introduced as part of the work presented in this
paper and are discussed in subsequent sections.

any real-valued time that is > 0 (thus allowing the
model checker to consider any potential overlap-
ping of alarms). Based on a given set of alarm
start times, across all alarm states, the model com-
putes a set of T discrete times based on the total
number of times when change events happen in
the alarms. Then, using the psychoacoustics of
simultaneous masking and the physical properties
(volumes and frequencies) of all the alarms’ states
at each time, the model computes an array of
Boolean variables called Alarm Masked (indexed

from 1 to T corresponding to each discrete time)
to indicate if a given alarm (A4larm,) is masked
at each discrete time. Specification properties
can then be asserted over this array so that model
checking can determine if a given alarm (Alarm,)
can ever be partially or totally masked.

We have applied our method to a number of
realistic medical alarms (Hasanain et al., 2014,
2016), including alarms that conform to IEC
60601-1-8 (Bolton, Edworthy, Boyd, et al,
2018; Bolton et al., 2016, Hasanain et al., 2017).
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TABLE 1: Melodies Used for IEC 60601-1-8 Reserved Alarm Sounds
Reserved Alarm Priority
Alarm
Medium High

General C, C, GC, - C, C, - ¢, C, ¢C, - C, GC,
Cardiac C, E, G, - G, GCg - C, E, G, G, GCg
Perfusion C, F#4 C, - C, F“t’4 - C, F#4 C, - C, F#4
Ventilation C, A, Fa - A, Fyu - C, A, Fy - A, Fy
Oxygen Cg Bsa A4 - G, Fyu Cg B, A, - G, Fyu
Temperature C, D, E, - Fo, G, - C, D, E, - Fa G,
Drug delivery  Cg D, G, - Cs D, - Cs D, G, - Cs D,
Failure Cs C, C, - Cs C, - Cs C, C, - Cs C,
Low E, E,

2 3 4 6 7 8 9 10

Note. Numbered letters (C, and D,) are musical tones presented using scientific pitch notations. These have the
frequencies shown in Table 2. Numbers under the table indicate the order in which a tone is played in an alarm’s
melody. The first three tones of each high-priority alarm are the same as the corresponding medium-priority
alarm. The last five tones of a high-priority alarm (tones 6-10) are a repetition of the melody from the first five
tones of the alarm. There is a pause between each tone in an alarm. A — indicates a different pause, while

a - represents yet a third pause. The timing of tones and pauses between tones is described in Table 3.

We have also experimentally validated that our
method accurately predicts whether medical
alarm tones used to compose IEC 60601-1-8
alarm sounds will be audible to human listeners
(Bolton et al., 2020). However, it has not been
used to analyze the reserved alarm sounds of IEC
60601-1-8.

IEC 60601-1-8 and its Reserved Alarm
Sounds

To help alarm designers and improve alarm
recognition across the healthcare industry, the
IEC 60601-1-8 international standard has a col-
lection of reserved alarm sounds. These represent
common types of alarms with specific mean-
ings that can be used across devices. There are
eight high-priority alarms, eight medium-priority
alarms, and one low-priority alarm (Table 1). The
high-priority alarm melodies have 10 sequential
tones with pauses between each. The medium-
priority alarms have three sequential tones sep-
arated by pauses, where these three tones of
medium-priority alarms are the first three tones of
their high-priority counterparts (though not nec-
essarily with the same timings and volumes). The

low-priority alarm has two sequential tones with
a pause in between.

The standard does not require specific vol-
umes and timings of these sounds. Rather, there
is a range of acceptable values that conform
with the general alarm design guidelines of the
standard. The relevant parameters are summa-
rized in Table 3.

It is worth noting that the standard does pro-
vide requirements for frequencies for tones in
designed alarms (something not topical to this
discussion). It also requires the inclusion of at
least four additional harmonics (additional fre-
quencies) in each tone of any alarm (designed
or reserved), with bounds on the acceptable fre-
quencies and volumes of these. These are typi-
cally represented as whole number multiples of
the tone’s primary frequency at lower volumes.
These additional harmonics are included to give
alarms harmonic complexity and to mitigate
the impact of physical interactions (i.e., disso-
nance, beating, and physical masking, which
are explored more in the Discussion) between
primary harmonics on alarm perception. We
do not consider these additional frequencies in
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TABLE 2: Musical Pitches

Note Frequency (Hz)
C, 261.63

D, 293.66

E, 329.63

Fyu 349.23

F#4 369.99

G, 392

A, 440

B, 493.88

Cs 523.2

the work presented here because our previous
experimental results showed that their inclusion
did not impact the ability of people to identify
the presence of an alarm tone when its primary
frequency was totally masked by other alarms
(Bolton et al., 2020).

TABLE 3: IEC 60601-1-8 Alarm Design Parameters

OBJECTIVE

The problems with masking that have been
discovered with IEC 60601-1-8 compliant
alarms in previous analyses with our method
(Bolton, Edworthy, Boyd, et al., 2018; Bolton
et al., 2016, Hasanain et al., 2017), the experi-
mental validation of the predictive capabilities
of our approach for alarm sounds like those that
compose reserved alarm melodies (Bolton et al.,
2020), and the internal similarity of the tones used
in the reserved sounds (Table 1) suggest that there
may be deeper masking problems with the alarms
in the standard. In this research, we applied
our method to the evaluation of reserved alarm
sounds from the standard. Specifically, we sought
to characterize the masking potential of the IEC
60601-1-8 alarms by determining the minimum
number of alarms required to totally mask each
reserved sound (make it inaudible) for different
volumes of that alarm. To accomplish this, we
extend our method to enable it to only consider

Alarm Priority

Characteristic High Medium Low

Num. Tones 10 3 Tor2

Tone Vol. (dB) Vy 7 v,

Max. Tone Vol. Diff. (dB) 10 10 10

Tone Duration (s) ty ty ty

Tone Spacing (s):

b/w 1°and 2nd y y

b/w 2nd and 3rd y

b/w 3rd and 4th 2x + ty

b/w 4th and 5th bs

b/w 5th and 6th z

b/w 6th and 7th bs

b/w 7th and 8th X

b/w 8th and 9th 2x + ty

b/w 9th and 10th X

Time Between Repeat (s) [2.5, 15] [2.5, 30] [15, =) or no
repeat

where Va2V 2V t, €[0.075, 0.2] t), €[0.125, 0.25] x €[0.05, 0.125]

y €[0.125, 0.25] ty+ty2ty+x z€[0.35, 1.3]

5% max. x and y variance in an alarm A blank indicates nonapplicability
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an analyst-specified number of alarms in a given
analysis. This allowed us, across multiple model
checking verification analyses, to systematically
determine the minimum number of alarms that
could mask each of the considered reserved alarm
sounds at certain volumes. We used this version
of the method to determine the minimum number
of alarms required to mask each reserved alarm
sound in all the following conditions: (1) each
high-priority reserved alarm sound was analyzed
in the presence of all of the other high-priority
reserved alarm sounds; (2) each medium- and
low-priority reserved alarm sound was analyzed
in the presence of all the other medium- and
low-priority reserved alarm sounds; and (3) each
high-priority reserved alarm sound was analyzed
in the presence of all the other medium- and low-
priority reserved alarm sounds. Next, we describe
our methods and results. We then discuss them
and their implications for the standard. We ulti-
mately outline directions for future research.

METHODS
Method Extension

In the method (Figure 1; Bolton, Edworthy,
Boyd, et al., 2018), there are N alarms in a
given configuration. In this work, we extended
the method to give it the ability to consider all
possible subsets of alarms of a particular size
Num < N. This was done to enable us to deter-
mine the minimum number of alarms that could
totally mask a given alarm in the configuration
across multiple model checker verifications.

This extension was accomplished by adding an
input variable called Present (shown in Figure 2):
an array with N elements, one for each alarm.
Each entry in this array was an integer from 0 to
1 indicating if the corresponding alarm was (1) or
was not (0) allowed in the given model state. The
formal model also added a variable Count com-
puted in every model state as the sum of all N
integers in Present (Figure 2).

The specification properties used for verifying
if a given alarm is masked were also reformulated
to account for the new modeling constructs. For a
given alarm with an array Alarm Masked indicat-
ing if it is masked at each time in the model and
a Present index of i, we can assert that the alarm

is never totally masked (never completely inaudi-
ble) by Num or fewer other alarms with

G (Count = Num N Present(i) = 1) s
= 1 (Ve gimes Alarm Masked(t)) | - ©)
Explicitly, this asserts that through all paths
through the model (G) if Count= Num and
alarm j is present (Present(i) = 1) then (=) it
should not be true (—) that, for all possible times
(Y e 1imes)» @larm j is masked (V¢ z.e)-

We can assert that the alarm is never par-
tially masked (where any part that is not a
pause is inaudible) by Num other alarms with

(Count = Num A Present(i) = 1)

G Alarm Masked(t) (6)
= VtETimeS '
= Alarm State(t) = Alarm0

Note that Alarm, represents the alarm state
where the alarm is either not sounding or in a
pause between tones. Thus, Equation 6 asserts
that through all paths througsh the model
(G) if Count= Num and alarm i is present
(Present(i) = 1) then (=), for all possible times
(Ve gimes)» 1f alarm 7 is masked (4larm ,Masked(t))
then (=) that means the alarm is not sounding or
in a pause (Alarm State(t) = Alarm0).

In this modified version of our method, Num
can be specified by an analyst at the time model
checking is performed.

Modeling, Experimental Design,
and Analysis

Using our modified method, we created three
base configurations of alarms that were used for
the analyses: one for each of the (1-3) condi-
tions listed in the Objectives section. Each of
these configurations contained a set of reserved
alarm sounds from Table 1. The first, which
was used to evaluate masking between high-
priority reserved alarm sounds, Condition (1),
contained all the high-priority reserved alarm
sounds. The second, which was used to evalu-
ate masking between medium- and low-priority
reserved alarm sounds, Condition (2), contained
all the low- and medium-priority reserved alarm
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sounds. The third, which was used to evaluate
the masking of high-priority reserved alarm
sounds by lower priority sounds, Condition
(3), contained all the low- and medium-priority
reserved alarm sounds along with a blank entry
used for representing a single high-priority
alarm sound. In all three base models, frequen-
cies were assigned the value corresponding to
the presented notes (Table 2). All sounds in
each configuration within an alarm were given a
standard volume of 80 dB (v,, = 80 and v,, = 80
for high- and medium-priority alarms respec-
tively; see Table 3. Further, to maximize the
potential of alarms masking other alarms (and
to be consistent with standard alarm design
practice), timings were kept consistent between
configurations for every alarm with tone times
of t, =t,=0.2s. Pause times of x =y =10.125s
and z = 0.35 s were used.

Using these base configurations, we created
scripts that would systematically generate for-
mal alarm models and specification properties,
where the volume of each analyzed (masked)
alarm would vary while keeping the volume
of the other (masking) alarms at the standard
level of 80 dB. For the first two configurations,
the scripts would also iteratively set the ana-
lyzed alarm to each of the alarms contained in
the configuration. For the third configuration,
the script would iteratively insert a different
high-priority reserved alarm sound into the
blank entry, where this was always the ana-
lyzed high-priority alarm. Using these scripts,
we automatically generated formal models for
each alarm, where the volume of the analyzed
alarm would range between 40 and 80 dB (in
increments of 1 dB) between models. This
range of volumes was used specifically because
80 dB represents an expected upper bound on
the volume of a medical alarm. Further, the
considered range accounts for the 10-dB range
in variance in alarm volumes within a given
designed alarm system. The additional vari-
ance further accounts for potential differences
that could arise between the volumes of alarms
from independently engineered systems. The 35
dB minimum was chosen because it should be
a sufficiently low enough volume to ensure the
maximum potential for alarm masking. Finally,
it should be noted that while the actual volume

level of maskers does impact the shape of the
masking curve, where higher volumes have
more masking than lower volumes, this vari-
ation is very minor (Bosi & Goldberg, 2003).
Thus, results of analyses presented with this
method should provide a good approximation
(with a minor bias toward detection) of how the
relative volumes of maskers at any given rela-
tive volume levels will manifest.

For each of the generated models, we per-
formed multiple verifications to prove whether
the analyzed alarm with the varied volume could
ever be totally masked (using the specification
property pattern from Equation 5) or partially
masked (using the specification property pat-
tern from Equation 6). For all models, the value
of Num was varied between two and the total
number of alarms (N) in the model for every
analyzed volume. For example, if Num =2, the
verifications would consider any possible com-
bination of two sounding alarms from the mod-
eled configuration.

Verification with model checking was per-
formed for the analyzed alarm for each model,
for each of the different volumes (40-80 dB)
with values of Num ranging from two up to the
total number of alarms in the associated config-
uration. In all cases, we recorded the minimum
number of alarms (Num — 1) it took to both
totally and partially mask the analyzed alarm.
Verifications were performed in parallel on a
desktop workstation computer at the University
at Buffalo with a 12-core 3.60 GHz Intel Xeon
E5-1650 CPU with 128 Gigabytes of RAM run-
ning Linux Mint.

RESULTS

Verifications for the analyses took between
3.52 s and 335,168.36 s (= 4 days) each, with
a median verification time of 455.63 s (= 7.6
min). Next, we present results across all three
of the analysis conditions.

Condition (1): High-Priority Sounds
Masking High-Priority Sounds
Results showing the minimum number of

alarms required to both totally and partially
mask each of the high-priority IEC 60601-1-8
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Figure 3. Masking analysis results for (a) high-priority alarms masking high-priority alarms, (b) medium-
and low-priority alarms masking medium- and low-priority alarms, and (d) medium- and low-priority alarms
masking high-priority alarms. All of these show the minimum number (higher is better) of other alarms it takes
to both totally and partially mask each of the considered IEC 60601-1-8 reserved alarm sounds (the entries on
the y axis) at different volumes (the x axis). A () indicates that no masking could occur. (c) shows the difference
in comparable numbers between the high-priority alarms from (a) and their medium-priority counterparts from
(b). In all cases, color is used to indicate entries with the same value. Ellipses ... indicate that results reported
for the minimum listed volume are identical for lower evaluated volumes.

reserved alarm sounds by other high-priority
alarms at each of the considered volumes is
shown in Figure 3(a).

In the total masking results, if all the alarms
are at the same volume (80 dB), only the
Temperature alarm could be totally masked by
fewer than five other alarms. With the 10-dB
range allowed by the standard (Table 3), three of
the alarms (General, Drug delivery, and Failure)
can be totally masked by two other alarms. All
the other alarm sounds can be totally masked by
three other alarm sounds. All the high-priority

alarm sounds could be masked by a minimum
of two other alarms for volumes of 63 dB or
lower (constituting a volume difference of 17
dB). At volumes of 57 dB or lower, all but the
General alarm could be totally masked by one
other high-priority sound. There were differ-
ences in the performance of the alarms. For
example, at higher volumes, the Oxygen alarm
is the least susceptible to masking.

In the partial masking results, all high-
priority alarm sounds could be partially masked
by as few as two other high-priority sounds
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for volumes between 73 and 80 dB. All alarms
could be partially masked by at least one other
alarm for volumes of 72 dB or lower. Note that
this occurs within the 10-dB range in alarm vol-
umes allowed by the standard.

Condition (2): Medium- and Low-Priority
Sounds Masking Medium- and
Low-Priority Sounds

Results showing the minimum number of
alarms required to both totally and partially
mask each of the medium- and low-priority
IEC 60601-1-8 reserved alarm sounds by other
medium- and low-priority alarm sounds at
each of the considered volumes is shown in
Figure 3(b).

For the total masking analyses, when all
the alarms are at the same volume (80 dB), all
but the Cardiac and Low alarms could only be
totally masked by four or more other alarms.
Within the allowable 10-dB range of variance
in alarm volume (Table 3), all but one of the
alarms (Oxygen) can be totally masked by at
least two other alarms. All analyzed alarms
below 65 dB can be totally masked by just one
other alarm. Finally, there are clear differences
in alarm masking susceptibility at different vol-
ume levels. At higher volumes, the Oxygen and
Failure alarms are the least susceptible and the
Cardiac and Low alarms are the most. At lower
volumes, the Oxygen, Failure, and Low alarms
are the least susceptible, whereas the Cardiac
and Temperature alarms are the most suscep-
tible. The Low alarm could never be totally
masked by fewer than two other alarms.

The partial masking results match those of
the high-priority alarm sounds, where every
alarm could be partially masked by at least two
other alarms for volumes ranging from 74 to 80
dB and one other alarm for volumes of 73 dB
or lower.

It should be noted that the high-priority
alarms were either just as susceptible or less sus-
ceptible to masking than their medium-priority
counterparts. This is illustrated in Figure 3(c).
This shows that when the comparable number
from Figure 3(b) is subtracted from its counter-
part in Figure 3(a), all the numbers are greater
than or equal to 0. Thus, the minimum number

of alarms required to mask high-priority alarms
is always the same or greater than the mini-
mum number required to mask the respective
medium-priority sounds.

Condition (3): Medium- and Low-Priority
Sounds Masking High-Priority Sounds

In the analyses of the ability for the medium-
and low-priority sounds to mask the high-
priority alarm sounds, the analyses revealed
that the medium- and low-priority alarms could
never totally mask the high-priority sounds; see
Figure 3(d). This remained true even when the
high-priority sounds’ volumes were as low as
35 dB. The partial masking results, shown in
Figure 3(d), replicated those observed for the
high-priority alarms: every alarm could be par-
tially masked by one other alarm for volumes of
73 dB (or lower) or two others for higher volumes.

DISCUSSION AND CONCLUSIONS

In the work presented here, we used a modi-
fied version of our computational formal method
to evaluate the medium- and low-priority alarms
of the IEC 60601-1-8 international medical
alarm standard. Our results show that masking
is a concern for the analyzed alarm sounds. It is
true that our results are based on a model-based
analyses. However, because previous work val-
idated the predictive capabilities of our method
for alarm tones that include the notes used is
reserved sound melodies (Bolton et al., 2020),
we are confident in the accuracy of our findings.
Next, we discuss our results, their generalizabil-
ity, their implications for the standard, and ave-
nues of future research.

Total Masking

The literature does not indicate how many
overlapping alarms people are able to differenti-
ate, even if none of them are masked. However,
it is clearly better for alarms to have a higher
number of simultaneous alarms required for
masking to occur. In any case, it seems rea-
sonable that a human would fail to hear one
alarm when five or more are sounding. In
this respect, if the alarms are kept at the same
level (80 dB), the results of the total masking
analyses (Figure 3) are encouraging for three
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reasons. First, for the high-priority alarms, it
takes between four and six other alarms (five
and seven alarms sounding concurrently) to
totally mask any given alarm; see Figure 3(a).
For the medium- and low-priority alarms, it
takes a minimum of between three and six other
alarms (four and seven sounding concurrently)
to totally mask any given alarm. Of these, only
two (Cardiac and Low) could be masked by
a minimum of three others; see Figure 3(b).
The low number observed for the Low alarm
is not particularly concerning because it is less
important than any of the other alarms that may
be masking it. However, an examination of the
counterexample produced in the Cardiac alarm
analysis shows that it is of equal importance to
its three other masking alarms. Thus, masking
of the medium-priority Cardiac alarm is a higher
risk at this volume. Second, the high-priority
alarms were consistently as or less susceptible
to simultaneous masking as the lower priority
alarms, as shown in Figure 3(c). Third, none of
the high-priority alarms could be total masked
in the presence of the medium- and low-priority
alarms; see Figure 3(d).

However, results at the 70-dB level and
below are less encouraging. When an alarm is
10 dB below base line (70 dB), three of the

high-priority alarms (General, Drug deliv-
ery, and Failure), all but one of the medium-
priority alarms (Oxygen), and Low, can be
totally masked in the presence of only two
other alarms at the same priority level. In fact,
most of these are masked by two other alarms
at higher levels (see the example in Figure 4).
This is concerning because the international
alarm standard allows for a 10-dB variation in
alarm volumes within a given designed config-
uration (Table 3). Thus, even within the stan-
dard alarm sounds of a given device, there are
ways for some high-priority alarms and nearly
every lower priority alarm to be masked when
three alarms sound concurrently. Moreover,
alarm resilience to masking decreases with
the volume of the masked alarm. For example,
it only takes two alarms at the same priority
level to mask all the medium- and low-priority
alarms at 69 dB (11 dB below the others), the
high-priority Perfusion and Delivery alarms
at 68 dB (12 dB below the others), and the
Cardiac and Ventilation alarms at 66 dB (14
dB below the others). Given that the standard
does not provide a reference volume level for
alarms, it is completely reasonable to expect
such volume differences to manifest between

- [HE HE EEE HE
(80dB)
- [ ]l HE EEE HE
(72 dB)
- J NN HE BEEE HE
(80dB)
1065 11.08 1152 1195 1238 1281 1325 1368 1411 1454 14.98
Time (s)

Figure 4. An example visualization of a counterexample that illustrates the sounding pattern for how a high-
priority alarm (Drug delivery at 72 dB) can be totally masked by two other high-priority alarms (Perfusion and
Failure, both at 80 dB). Note that such a situation could occur when there are three devices, one issuing each of
the alarms, one device capable of issuing all three alarms concurrently, or—because all configurations would
be consistent with IEC 60601-1-8—any combination of separate device and alarm pairing.
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alarms from different devices in a medical
environment.

At even lower volumes, many alarms
can be totally masked by a minimum of one
other alarm at volumes that could be possible
between devices. The medium-priority Cardiac
alarm (at 64 dB) can be totally masked by a
medium-priority Temperature. The medium-
priority Temperature (at 63 dB) alarm can be
totally masked by medium-priority General.
Medium-priority Ventilation (at 60 dB) can be
totally masked by medium-priority Perfusion.
At lower volumes, all but the low-priority alarm
(Low) and the General high-priority alarm can
be totally masked by one other alarm at the
same level.

Our results also show variation in the ability
of alarms to be totally masked. For high-priority
alarms, General, Oxygen, and Ventilation were
the least susceptible to total masking at higher
volumes while Temperature was the most sus-
ceptible. However, performance of these alarms
varies at lower volumes. For the medium- and
low-priority alarms, Oxygen is the alarm that is
the most robust to simultaneous masking, with
Failure and Ventilation also being fairly robust
at higher volumes. Cardiac is clearly the most
susceptible medium-priority alarm. In fact, the
Cardiac alarm was more susceptible to mask-
ing than Low, indicating that a mismatch exists
between alarm masking susceptibility and
priority.

Partial Masking

Similar to the vagaries associated with total
masking, the literature does not provide guid-
ance about how much an alarm needs to be
partially masked to be rendered inaudible.
However, it is clear that any masking will impair
people’s ability to perceive an alarm, especially
given that there have been noted problems
with the alarms in the standard even with-
out the presence of masking (Lacherez et al.,
2007; Sanderson et al., 2006). In this regard,
the results from partial masking are problem-
atic because they show that it only takes two
concurrently sounding alarms (either at the
same priority level or between priority levels)
to partially mask each of the analyzed alarms.

At 73 dB and lower (7 dB below the others, and
well within the range allow by the standard), it
only took one other alarm to partially mask all
the analyzed alarms.

Generalizability

While all of our analyses used 80 dB (a
realistic upper bound) as the baseline volume
and the volume of a masker does impact mask-
ing curve shape (more masking is afforded by
higher volumes), these variations are minor
(Bosi & Goldberg, 2003). Thus, we would not
expect the results to significantly change with
decreases in the base level volume with relative
decreases in the volume of the analyzed alarm.

It is also worth noting that IEC 60601-1-8
specifies that every alarm sound (including the
reserved ones) have at least four additional har-
monics (or subfrequencies): tones with frequen-
cies at whole-number multiples of the primary
frequency that are at lower volumes. These are
intended to improve alarm audibility. However,
previous work showed that our method validly
predicts simultaneous masking using the pri-
mary alarm frequencies irrespective of whether
the additional harmonics were included. Thus,
the results presented in this paper should be
valid even though we only considered the pri-
mary frequencies of the reserved alarm sounds.

Given this information, our results collec-
tively indicate that there is potential for mask-
ing being a serious problem for devices that are
compliant with IEC 60601-1-8. This is because
total masking can occur in the presence of three
or fewer alarms, and partial masking can occur
in the presence of one alarm with variations in
volume that are consistent for alarms within and
between devices. If practitioners are unable to
hear an alarm, they will not be able to respond
to them. In a medical environment, where sec-
onds can mean the difference between life and
death, this could have profound implications for
patient safety and health.

Implications for the Standard

Our results suggest means of interpreting the
IEC 60601-1-8 reserved sounds that will mini-
mize the effect of masking. First, for a designed
configuration of alarms, alarms at a given
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priority should be kept as close to the same vol-
ume as possible. Second, for alarms between
devices, clinical engineers should try to make
similar priority alarms as close to the same vol-
umes as possible. They should not increase the
volume of a particular alarm to improve its per-
ceivability. These recommendations will reduce
the chances that any particular alarm will be
masked.

It is important to note that this is not suggest-
ing that all alarms should be kept at the 80-dB
base level. This is because such volumes will
likely contribute to problems associated with
hospital noise (Konkani et al., 2012). Rather, the
same or better performance (due to the nature
of the psychoacoustics; Bosi & Goldberg,
2003) will be achieved by keeping similarly
prioritized alarms at a consistent lower volume
level. Third, although not often employed, IEC
60601-1-8 allows designers to use different tim-
ings of alarm tones and pauses between them
(Table 3). Using different timings across alarms
will make it harder for alarms to perfectly over-
lap and thus reduce the chance of total masking.

To assess this third point, we created new
models of the high as well as the medium- and
low-priority alarms from analysis conditions
(1) and (2), respectively. These models were
identical to the original, except that the timing
of each alarm’s pauses and tones (each alarm’s
x and ¢, or y and ¢,,; Table 3) were assigned

unique random numbers that were consistent
with the requirements of the standard (Table 3).
The generated values of these were are shown
in Table 4. The analyses for conditions (1) and
(2) were then re-run. The results of these are
shown in Figure 5.

While partial masking results were not
affected, using these unique random timings
dramatically improved the resilience of the
alarms to total masking. In particular, the ran-
dom timings completely eliminated the ability
of high-priority alarms to totally mask other
high-priority alarm regardless of the volume of
the potentially masked alarm or the number of
concurrently sounding alarms; see Figure 5(a).
Furthermore, these timings either completely
eliminated the total masking of an alarm (for
volumes of 55-80 dB for the Oxygen alarm
and volumes of 75-80 for the Delivery2 alarm)
or increased the number of alarms required for
total masking for the medium- and low-priority
alarms; see Figure 5(c). These improvements
are specifically illustrated in Figure 5(b) and
(d), which show how the number of alarms
required for masking from Figure 5(a) and (c)
improved from the analyses under conditions
(1) and (2), respectively. Thus, assigning unique
volumes to alarm timing parameters, even
within the parameters allowed by the standard,
has the potential to significantly improve alarm
audibility.

TABLE 4: Random Timing Parameters Used in the Replication Analyses

Timing Parameters

Alarm X ty y ty z
General 0.1158 0.0773 0.1612 0.1627 0.4034
Cardiac 0.1632 0.0763 0.1632 0.1606 1.0788
Perfusion 0.1417 0.0762 0.1417 0.1598 0.7953
Ventilation 0.1474 0.0756 0.1474 0.1664 0.9654
Oxygen 0.1112 0.079 0.1112 0.1602 1.1383
Delivery1 0.1127 0.0781 0.1127 0.1667 0.9097
Delivery2 0.1718 0.0767 0.1718 0.1634 1.0104
Failure 0.0768 0.0782 0.0768 0.161 0.8572
Low 0.1632 0.1605

Note. x, t, y, and t), are parameters from Table 3.
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Figure 5. Graphs in (a) and (c) show results from the replication of the analyses from conditions (1) and (2),
respectively, but using alarm models with random times assigned to all alarm tone sounding lengths and pauses
between tones. A () indicates that no masking could occur. (b) and (d) show the increase/improvement in the
minimum number of alarms to produce masking between these new results and the originals. (b) shows the
improvement from the result in Figure 3(a) to those in (a). A () was treated as an 8 in the production of this
graph. (d) shows the improvement from the result in Figure 3(b) to those in (c). A () was treated as a 9 in the

production of this graph.

Additional Audibility Considerations

It is important to note that the work pre-
sented here only addresses a very specific
problem: when alarms can become unhearable
due to simultaneous masking. This is only one
way that alarm audibility, perception, and/or
identification can be impacted. Alarm signals
can be masked by background noise (Konkani
et al., 2012). Sound waves can physically inter-
act with each other in ways that create disso-
nance (a nonharmonic combination of sounds),

beating (a perceived periodic variation in vol-
ume caused by interference between two sounds
with similar frequencies), or physical masking
(where sound waves cancel each other out;
Fastl & Zwicker, 2006). There are distinct lim-
its on the total number of alarms that people can
learn and differentiate (Sanderson et al., 2006).
High levels of workload can result in inatten-
tional deafness (Scheer et al., 2018). The num-
ber of medical alarms can produce so-called
alarm fatigue (Cvach, 2012). The similar nature
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of IEC 60601-1-8 alarms (designed, reserved,
or otherwise), the noisiness of clinical environ-
ments, and the number of medical alarms can
mean that all of the listed hazards (and poten-
tially many others; Edworthy, 2013) could
impact IEC 60601-1-8 alarm detection and
response. While these factors are beyond the
scope of this paper, research should investigate
how to account for them in future iterations of
the method. Of the listed considerations, mask-
ing caused by background noise and physical
interactions between alarm sounds are the most
well understood and would likely be the easiest
to account for in our method. The other condi-
tions may require additional modeling advances
before incorporation can occur.

CONCLUSIONS

It is well established that the audible alarms
currently specified in IEC 60601-1-8 have a
number of problems. Our efforts are the first
demonstration that simultaneous masking is
also a concern. The uniformity of these sounds
(their rhythm and harmonic structure) is the
source of most of these problems. This paper
demonstrates that even slight changes in tempo-
ral structure significantly reduces the probabil-
ity of masking.

The current alarms as discussed in this paper
will also be allowable in the update of the stan-
dard. Considerable effort has been put into the
development, testing, and benchmarking of
more complex and varied alarm signals. This
will accompany an update to the standard that
is likely to occur in 2020 (Bennett et al., 2019;
Edworthy, McNeer, et al., 2018, Edworthy,
Reid, et al., 2018; McNeer et al., 2018). Though
the proposed new sounds have been thoroughly
evaluated, their masking capabilities have not
yet been evaluated as they present new techni-
cal and operational challenges for the model.
The fact that the proposed new sounds are har-
monically more complex and are spectrally and
temporally more varied than the current alarm
sounds suggests a priori that they will be more
resistant to masking. Future work will focus
on extending our masking detection approach
so that it can be used to evaluate the masking
potential of the new alarm sounds.

ACKNOWLEDGMENTS

This research was supported by the Agency
for Healthcare Research and Quality under
award number R18HS024679. This research
complied with the American Psychological
Association Code of Ethics. This is an extended
version of a conference paper (Bolton,
Edworthy, & Boyd, 2018b). The original paper
only presented and discussed results of the total
masking analyses for the medium- and low-
priority alarms. Thus, this journal submission
constitutes a significant contribution beyond the
original conference paper.

KEY POINTS

e The alarms prescribed by the IEC 60601-1-8
international standard are susceptible to simulta-
neous masking.

e This work systematically evaluated the masking
potential of the standard’s reserved alarm sounds.

e The analyses revealed many problems with
masking between the alarm sounds for parame-
ters allowed by the standard.

e Discovered problems can be alleviated by setting
alarm volumes to standard values based on
priority level and by randomizing the timing of
alarm tones.
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