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Background: Various treatment methods exist to treat obstructive sleep apnea (OSA); continuous positive airway pressure (CPAP) is considered
the gold standard. It is however a clinical reality that the use of CPAP is often cumbersome. CPAP treatment is considered compliant when used =
4 h per night as an average over all nights observed. Surgery, on the other hand, is regarded as successful when the apnea hypopnea index (AHI)
drops at least 50% and is reduced below 20/h postoperatively in patients whose preoperative AHI was > 20/h.

The effectiveness of CPAP compliance criteria can be questioned, just as the effectiveness of surgical success criteria has often been questioned.
Study Objectives: The aim of the study was to compare non optimal use of optimal therapy (CPAP) with the continuous effect (100%) of often non
optimal therapy (surgery).

Design: Using mathematical function formulas, the effect on the AHI of various treatment modalities and their respective compliance and success
criteria were calculated.

Results: The more severe the AHI, the more percentage of total sleep time (TST) CPAP must be used to significantly reduce the AHI. Patients
with moderate OSA reduce the AHI by 33.3% to 48.3% when using CPAP 4 h/ night (AHI 0-5, respectively). The required nightly percentage
use rises as one reduces the AHI target to < 5. CPAP must be used 66.67% to 83.33% per night to reduce the AHI below 5 (AHI of 0 while
using CPAP).

Conclusion: Using a mean AHI in CPAP therapy is more realistic than using arbitrary compliance rates, which, in fact, hide insufficient reductions

in AHI.
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OBSTRUCTIVE SLEEP APNEA (OSA) IS THE MOST
PREVALENT SLEEP DISORDERED BREATHING PROB-
LEM, AFFECTING 2% TO 26% OF THE GENERAL
population, depending on gender, age, and definition.'? The se-
verity of OSA is expressed in the apnea hypopnea index (AHI):
an AHI of 5-15 is considered mild OSA, 15-30 moderate OSA,
and > 30 severe OSA.

Continuous positive airway pressure (CPAP), introduced
in 1981 by Sullivan, is in many countries regarded as the
gold standard in treatment of OSA, with oral device therapy
(mandibular repositioning appliances) or surgery reserved for
CPAP failures.® In other countries, in mild to moderate OSA,
oral devices and surgery are considered first-line treatment in
well-selected patients. Heated and sometimes emotional dis-
cussions exist between CPAP protagonists, defenders of the
merits of oral devices, and surgeons. Some CPAP advocates,
(un)intentionally provocative, go as far as to state that there is
no place for surgery in the treatment of OSA; lack of evidence
from randomized controlled trials supporting surgical practices
strengthens their defense.* At the other, more nuanced, end of
the spectrum, it is believed that in well-selected patients with
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obvious anatomical correctable features, surgery is a viable al-
ternative to lifelong CPAP therapy. The issue is confused by
the fact that different definitions of successful therapy are be-
ing used for the different treatment options. Surgeons are being
forced by the AHI classification to compete on an uneven play-
ing field.

In surgery, traditionally, success was defined as a postopera-
tive reduction of the AHI to < 20 and > 50% postoperative re-
duction of AHI.® Others have later proposed to tighten these
criteria to a postoperative AHI to < 15 (regarded as “clinically
relevant” OSA), < 10, and recently even < 5 (as in CPAP ther-
apy).® Some have added “response” as reduction of the AHI
between 20% and 50%.” The same discussion regarding success
criteria has surfaced in oral device therapy. Without external
validation, any arbitrary cut-off definition of success will be
incorrect. Furthermore, the point at which the AHI becomes
harmful remains unclear. He et al. reported an acceleration of
harm when the AHI rises above 20-25.%8 Whether a patient is
“cured” when the AHI falls below 5 is questionable. CPAP ther-
apy is regarded as successful if the AHI drops below 5 when
CPAP is used. It is, however, a clinical reality that the use of
CPAP is often cumbersome, and that CPAP is often not used 8
h/night for 7 days/ week. Patients seem to either tolerate the de-
vice well or not at all—a bimodal distribution, with an average
of approximately 4 hours.” Hence the term “compliance” was
introduced. Current trends define compliance as 4 h/ night as an
average over all nights observed.

The effectiveness of CPAP compliance criteria can be
questioned, just as the effectiveness of surgical success crite-
ria has often been questioned. For example, simple calcula-
tions show that given an average sleeping time of 8/24 h, the
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TST/week is 56 h. With a minimal compliance of 4 h/night,
the mean AHI of a patient with an original AHI of 60 would
only drop to 32.5 (during 50% of the TST, the AHI would
be 5; but during the remaining 50%, the AHI would still be
60). In a similar way, an AHI of 40 would only decrease to
22.5, an AHI of 30 to 17.5, and an AHI of 20 to 12.5. Such
moderate decreases can easily be reached with contemporary
surgical techniques in well-selected patients, and are not even
remotely in the range of the traditional liberal surgical suc-
cess criteria of Sher (success would be reduction of the AHI
of 60 to < 20, AHI of 40 to <20, AHI of 30 to < 15, and AHI
of 20 to < 10).10-13

It is clear that there is need for objective criteria to com-
pare the effects of successful surgery, oral device therapy, and
CPAP therapy. Such equations are lacking. We were interested
to see if we could develop mathematical formulas and graphs to
compare the expected mean drop in AHI in case of surgery and
CPAP therapy. In other words: how to compare non optimal use
of optimal therapy (CPAP) with the continuous effect (100%)
of often non optimal therapy (surgery).

In this paper, we provide evidence that the suboptimal use of
“highly effective CPAP treatment” can be compared with the
100% of the TST effect of “sub-therapeutic” surgical treatment
effect.

FORMULAS

Using mathematical function formulas, the effect on the AHI
of various treatment modalities and their respective compliance
and success criteria, were calculated.

Formula 1: Calculation of mean AHI and percentage AHI
reduction during compliant CPAP use

Firstly, a patient must use CPAP > 4 h/night to be deemed
compliant. While using CPAP (HOURSonCPAP) ideally, the
AHI is reduced to 0, 1, 2, 3, 4, or 5 (AHIonCPAP). While not
using CPAP (HOURSoffCPAP = TST-HOURSonCPAP), we as-
sume the AHI remains status quo (AHIoffCPAP). 1deally, we
sleep 8 h each night (7ST); the average AHI per night can be
calculated using the following formula:

MeanAHIforCPAP =

{NlGHTSonCPAP y [ (HOURSonCPAP x AHIonCPAP)+[(TST ~ HOURSonCPAP)x AHIQ[fCPAP])]
TST

week
. { NIGHTSoffCPAP

x AHIoffCPAP}
week

For example: if we take a patient with an AHI of 19 (4Hloff-
CPAP). Using the compliance criteria cut-off discussed, our
patient sleeps using CPAP 7 nights per week (NIGHTSonC-
PAP). The AHI (AHIoffCPAP) is reduced to 5 (AHIonCPAP)
during 4 h, again using the compliance cut-off criteria discussed
(HOURSonCPAP). During the residual 4 h (HOURSoffCPAP),
the AHI remains 19. Using the generalized formula above and
the parameters for this patient, we can calculate the mean AHI
during compliant use of CPAP:

MeanAHIforCPAP = [; X (%MH =12

The mean AHI is 12, so the AHI is reduced by 36.84%.
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Formula 2: Percentage of TST during which CPAP must be used
toreduce AHIto <5

To be cured of OSAS, the mean AHI must be < 5. What is the
minimum percentage of TST during which CPAP must be used
to reduce the AHI to < 5?

(AHIonCPAP x HOURSonCPA P)+ [(TST — HOURSonCPA P)x AHIoffCPAP |
7ST

=AHI _

TST x (AHI _, — AHIoffCPAP)
AHIonCPAP — AHIoffCPAP

HOURSonCPAP =

Multiplied by 100 and divided by the TST, one can calculate
the percentage of time (AHlonCPAP,).

For example: in a patient with an AHI of 19, the AHI is re-
duced to 4 while wearing CPAP. Using the following general
and specific parameters for this patient: TST: 8 h, AHIonCPAP:
4, AHIoffCPAP: 19, and AHI __, one can calculate that CPAP
must be used > 7 h 27 min (which is equal to > 93.33% of TST)
to reach a mean AHI < 5.

HOURSonCPAP, = {w} 100

T 5 —9333%

One can use this formula to measure the minimum percent-
age of TST during which CPAP must be used to reduce the ini-
tial AHI below another number by simply replacing AHI _, by
the other number, e.g., AHI _  (9.9).

Formula 3: Percentage of TST during which CPAP must be used
to reduce AHI by a certain percentage

Examining CPAP from another angle, what is the minimum
percentage of TST during which CPAP must be used to reduce
the initial AHI by a certain percentage (%reduction):

AHIonCPAP x HOURSonCPAP + [(TST — HOURSonCPAP) x AHIo[/CPAP] (100% - Yred:
= o — %6
ST

jon) x AHIoffCPAP

e N
HOURSonCPAP, :( (%reduction) x AHIq{fCPAPJ 100

AHIonCPAP — AHIoffCPAP

For example: in a patient with an initial AHI of 77 (4HloffC-
PAP), AHI is reduced to 5 while wearing CPAP (AHIonCPAP):
He or she must use CPAP > 96.25% of TST to reduce the mean
AHI by 90% (%reduction,).

When the AHI while using CPAP (4HIonCPAP) is reduced
to 0, the formula reduces to:

HOURSonCPAP,, = %reduction x 100

Therefore, for example, to reach an 80% reduction in AHI,
CPAP must be worn 80% of the time. But when the AHIonC-
PAP is > 0, the HOURSonCPAP,, will be higher than the %re-
duction.

Formula 4: Percentage of TST during which CPAP must be used
to meet Sher’s success criteria

A 50% of the AHI is a straightforward division calculation,
but from an AHI of 40 onwards, a 50% reduction is insufficient
to meet surgical success criteria; the AHI must be lower than
20.

What is the minimum percentage of TST during which CPAP
must be used to reach Sher’s surgical success criteria?

Using various formulas shown above:
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In case of an initial AHI < 40, one can use the following
formula:

— 50%reductionx AHloffCPAP)

}H?URSanPAR”:( - x100
(4HIonCPAP — AHIoffCPAP)

AND from an initial AHI of 40:

(AHI _,, — AHIoffCPAP)

HOURSonCPAP,, =
AHIonCPAP — AHIoffCPAP

x 100

GRAPHS

Percentage AHI reduction during compliant use of CPAP (Figure 1)

Assuming that on average, people sleep 8 h/ night, and us-
ing the 4 h/ night compliance criteria, patients must use CPAP
during > 50% of TST. As the initial AHI increases, so does the
percentage of AHI reduction. Maximum AHI reduction stag-
nates at 50% when the AHI while using CPAP is 0 or initial AHI
nears infinity. The lower the AHI while using CPAP (0-5), the
more AHI reduction is attained (as shown in Graph 2). Patients
with mild OSA (AHI 5-15) reduce their AHI by a minimum of
0% to 46.7% (AHI while using CPAP 1-5); those with moderate
OSA (15-30) reduce their AHI by 33.3% to 48.3% (AHI while
using CPAP 1-5); and those with severe OSA (AHI > 30) reduce
their AHI by 41.7% (AHI while using CPAP 1-5).

Percentage of TST during which CPAP must be used to meet
Sher’s success criteria (Figure 2)

The traditional criteria for a successful surgical outcome,
was defined by Sher et al. as a decrease > 50% in postoperative
AHI, and a postoperative AHI < 20 in patients whose preopera-
tive AHI was > 20.°

Keeping these traditional “succesful surgery” criteria into
consideration, what is the minimal percentage of CPAP use
needed per night to attain the same result? Up to an AHI of 40,
CPAP must be used at least 50% of the time; thereafter, the
percentage quickly curves upwards to reach a minimal percent-
age of 83.3% (initial AHI 120, AHI while using CPAP 0). These
percentages surpass the 35.71% of the CPAP compliance crite-
ria considerably and are therefore significantly harder to reach.

Elshaug et al. debate whether the definition for surgical suc-
cess should be redefined as a post-operative AHI < 10 or even 5.

Percentage of TST during which CPAP must be used to reduce
AHl to below 10

Concentrating on the first definition, to reach an average AHI
< 10, CPAP must be used at least 33.3% to 66.7% per night,
in patients with moderate OSA and an AHI of 0 whilst using
CPAP. When the AHI is 5 while using CPAP, CPAP must be
used minimally 50% of the TST. In patients with severe OSA,
a minimum of 67.4% of nightly use is necessary when the AHI
while using CPAP is 0, but 80% when the AHI whilst using
CPAP is 5.

Percentage of TST during which CPAP must be used to reduce
AHlI to below 5 (Figure 3)

Focusing on the second definition (average AHI < 5), CPAP
must be used 100% at night (when the AHI is 5 while us-
ing CPAP). In patients with moderate OSAS and an AHI of
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Figure 1—Percentage AHI reduction when using CPAP 4 h/night.
This graph depicts the results when applying formula 1 “Calculation of
percentage AHI (apnea hypopnea index) reduction while compliantly
using CPAP (continuous positive airway pressure).” While using CPAP,
ideally the AHI is reduced to 0-5.
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Figure 2—The minimum percentage of TST during which CPAP must be
used to reach Sher’s surgical success criteria. The traditional criteria for a
successful surgical outcome, was defined by Sher et al. as a decrease =
50% in postoperative AHI and a postoperative AHI < 20 in patients whose
preoperative AHI was > 20. This graph depicts the results of formula 4:
“Percentage TST (total sleeping time) during which CPAP must be used
to meet Sher’s success criteria”
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Figure 3—The minimum percentage of TST during which CPAP must be
used to reach a mean AHI < 5. To be cured of OSAS, the mean AHI must
be <5. This graph represents formula 2: “Percentage of TST during which
CPAP must be used to reduce AHI to < 5.”
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Figure 4—The minimum percentage of TST during which CPAP must
be used to reduce the initial AHI by a certain percentage (when the
AHl is reduced to 5 while using CPAP). This graph shows the minimum
percentage of TST during which CPAP must be used (when the AHI is 5
while using CPAP) to reduce the initial AHI by 10%, 50%, and 90%.

0 while using CPAP, CPAP must be worn at least 66.7% to
83.3% of the TST (Figure 3). In patients with severe OSA, a
minimum of 83.9% of nightly use is necessary when the AHI
while using CPAP is 0, but 96.2% when the AHI while using
CPAP is 4.
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Percentage of TST during which CPAP must be used to reduce
AHI by a certain percentage (Figure 4)

The initial AHI must be greater than 50 to be reduced by
90%; if the initial AHI is below 50, a 90% reduction is not pos-
sible. When the AHI is 50, the patient must use CPAP 100% of
the TST. The percentage TST slowly dips to a maximum 90%
as the AHI increases. When trying to reduce the AHI by 10% at
an AHI of 6, CPAP must be worn 60% of the TST, the percent-
age TST slowly decreases to 10%.

DISCUSSION

Even the most effective medical devices are only effective
when they are used. The effect may be 100% when always
used, nil when never used, and partial when used sometimes
but not always. This is particularly true for CPAP use in OSA.

Approximately 15% to 30% patients refuse CPAP; patients
are often discouraged by the aesthetic aspect or the thought of
being bound to CPAP for the rest of their lives.! In patients
who are willing to try CPAP, pressure is titrated to reduce the
individual patient’s AHI to < 5 events per hour.'> Most patients
who discontinue CPAP treatment do so after a few months. In
spite of advances in CPAP technology, such as auto-PAP, bi-
level PAP, heated humidification, a large range of interfaces,
and mask comfort improvement, as well as educational and
behavioral support, patient adherence has only marginally im-
proved in the last 23 years.">'”"!” Approximately 20% to 40%
will discontinue CPAP after 3 months."

Surgery, on the other hand, is slowly gaining momentum,
because of improvements in patient selection, through use of
the Friedman classification system, by means of drug-induced
sleep endoscopy, and by applying more site-specific surgical
techniques compared to ecarlier days (when the only surgical
technique available was uvulopalatopharyngoplasty). Never-
theless, the Sher surgical success criteria are difficult to ful-
fill, especially in cases with severe OSA. It is generally easier
to reach surgical success in patients with a low AHI, which
is somewhat unjust. For example, a reduction of a mere 15 is
needed to reach Sher’s criteria in a patient with an initial AHI of
30, while a far larger decrease would be necessary in a patient
with an AHI of 80 and CPAP failure. A reduction of 60 points
would be insufficient (mandatory) to qualify for success; even
though it goes without saying that the gain in quality of life and
reduction of cardiovascular risk is likely to be more dramatic
than less serious cases with a reduction of only 19 points.

Our formulas have various limitations. Assumptions were
made to simplify and construct the formulas. Firstly, we ac-
knowledge 8 hours of sleep per night to be ideal; others may
appoint a different ideal (e.g., 7 h). In clinical practice, despite
recording extensive CPAP use data, it is often difficult to ac-
quire accurate total nightly hours of sleep in actual CPAP pa-
tients. Clinicians may want to request patients to record the
latter parameter when applying the formula. We also assume
that the AHI reverts to baseline as soon as CPAP is removed.
CPAP is thought to play a role in reducing edema resulting from
snoring-associated vibration and apnea-induced suction of the
upper airway. The baseline AHI may be reduced by a fraction in
chronic CPAP use. As the effect is minimal, we considered this
point negligible.”® But we also make the assumption that the
“AHIoffCPAP” matches the AHI of the diagnostic polysomno-
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gram (PSG), and we consider the AHI to be uniform across the
night, which raises the controversial question: how effective is
a PSG as a gold standard for the diagnosis of OSA? PSG has
many limitations. Besides night-to-night variability, the AHI
does not have a uniform distribution over the night. The AHI
fluctuates because of the cyclic alternating pattern of the sleep
stages, body position of the patient, medication and alcohol
use, nasal congestion, and external factors influencing sleep ef-
ficiency, such as a sleep laboratory vs home recording, etc.?'*
This is not only a hurdle for the present study, but a handicap
for research and clinical management of OSA in general. Some
clinicians argue that other PSG variables could be used as an
outcome measure; e.g., desaturation index (DI) as a measure
of intermittent hypoxia. The latter is also considered to be less
susceptible to nightly variability.?** One could generalize these
formulas to other PSG outcomes such as the apnea index or DI.
Others argue that clinical outcomes may be more appropriate.
There are more dimensions to consider in clinical management
of OSA than AHI alone, e.g., side-effects, partner acceptance,
or cost-effectiveness.

We assume that there is a linear dose-response between
CPAP use and actual patient outcomes; so the more hours a pa-
tient uses CPAP, the greater the therapeutic effect. We question
whether the dose-response curve is indeed linear, but unfortu-
nately very little information is available in literature.”® Fur-
thermore information is to be found concerning the outcome of
patients who reject CPAP completely and are left untreated.”’-*
As patients cannot “try” surgery, surgical literature does not in-
clude patients who chose not to have surgery and are also left
untreated.

To continue the debate initiated by Elshaug et al., who con-
tend that “current notions of surgical “success” are overdue for
reevaluation,” we contend that the same holds true for CPAP
compliance.” CPAP compliance rates vary greatly. Weaver and
Grunstein report in their review that 29% to 83% of patients are
nonadherent and use their CPAP less than 4 hours per night."
We recently analyzed the compliance of 232 CPAP users.'
Only 138 (59.5%) of these 232 patients were “compliant,” with
compliance liberally defined as CPAP use > 4 h/night, > 5 days
/week. Even in this compliant group, mean CPAP use was 6.5 h/
night (81% with a given 8 h/night, SD 1.5), and 6.4 nights/week
(91%, SD 1.4). With a CPAP use of 81% per night and 91%
nights/ week, compliant patients on average still only use the
device 74% of TST.'S Patients seem to either tolerate the device
well or not at all—a bimodal distribution.’

Elshaug et al. have pointed out that when the traditional sur-
gical definition (50% reduction in AHI and/or < 20) is applied,
the pooled success rate for Phase I procedures (soft palate) is
55%, but with AHI < 10 as a cut-off point, success rate de-
creases to 31.5%; and at AHI < 5, success is reduced to 13%.
According to these definitions, Phase II (hard palate) success
(fail) rates decrease from 86% (14%) to 45% (55%) and 43%
(57%), respectively.® But, if we use the mean AHI in CPAP
therapy, instead of the AHI reduction while using CPAP and
aim at a mean AHI <5, the % of the TST during which CPAP
should be used increases as a result.

In conclusion, a goal of a mean AHI < 5, for both surgery
and CPAP therapy, is rarely achievable. As soon as CPAP is
not regularly used, one should be aware that a cut-off point is
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easily reached when surgery could be more effective in reduc-
ing the mean AHI. To “cure” OSA, the AHI should be reduced
to below 5, but even with CPAP this seems to be an idealistic
goal. Nightly percentage use rises as one reduces the target to
below 5 (see Graph 3). CPAP must be used at least 66.67% to
83.33% per night, in patients with moderate OSA and an AHI of
0 while using CPAP. In patients with severe OSA, a minimum
of 83.87% of nightly use is necessary when the AHI while us-
ing CPAP is 0, but 100% when the AHI while using CPAP is 5.

Each patient is unique and reacts to treatment differently;
there is no guarantee of success, despite success rates and re-
sults reported in literature. Success rates report mean improve-
ments, but for yet unexplained reasons, some patients do better
than others with comparable clinical features.

After surgery, the AHI remains relatively consistent during
the night, but with CPAP it may dip below 5 during a certain
percentage of TST and increase during the rest of the night when
CPAP is not being used. Both may achieve the same mean AHI,
but potential disparity between these treatment modalities on
clinical symptoms and cardiovascular risk remains uncertain.

In conclusion, we hope this paper serves as motivation for
further debate and discussion, initiated by Elshaug et al.®* Us-
ing a mean AHI in CPAP therapy is more realistic than using
arbitrary compliance rates, which in fact hide insufficient re-
ductions in AHI.
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