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Background: Knee osteoarthritis (OA) is a widespread and debilitating disease that continues to plague
patients. Over the past decade, neuromuscular electrical stimulation (NMES) therapy has shown promise
in alleviating knee OA-related symptoms. This study sought to evaluate the efficacy and safety of a home-
based NMES therapy for reduction of pain, stiffness, and function associated with knee OA.
Material and methods: A randomized, sham-controlled, double-blind, multicenter trial was conducted
with 12-week follow-up in 156 knee OA patients receiving either home-based NMES therapy or a
modified low-voltage NMES therapy. Outcome measures including knee pain, stiffness, and functionality
were collected at baseline through week 12 after the therapy. The primary endpoint was the percentage
change from baseline (PCFB) in the Visual Analog Scale (VAS) pain for a patient-nominated physical
activity. Secondary endpoints included VAS for general knee pain, Western Ontario and McMaster
Universities Osteoarthritis Index, Knee Injury and Osteoarthritis Outcome Score Joint Replacement, and
isometric quadriceps strength test.
Results: A clinically meaningful reduction for VAS Nominated Activity was higher in the per-protocol
treatment-compliant NMES group than that in the sham low-voltage NMES group at week 12 (PCFB of
42.8% vs 38.6%, P ¼ .562). This was similarly true for the Western Ontario and McMaster Universities
Osteoarthritis Index pain subscale (PCFBs of 36.8% vs 26.6%, P ¼ .038). Similar trends and reductions of
pain were observed for VAS General, Knee Injury and Osteoarthritis Outcome Score Joint Replacement
Pain subscale, and isometric quadriceps strength.
Conclusion: Home-based NMES treatment resulted in a clinically meaningful reduction of knee pain,
stiffness, and knee functional improvements at week 12 compared with sham NMES treatment.
© 2022 The Authors. Published by Elsevier Inc. on behalf of The American Association of Hip and Knee
Surgeons. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
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Introduction

Knee osteoarthritis (OA) is a leading cause of disability and
continues to pose substantial health and economic burden [1,2].
The prevalence of symptomatic knee OA is expected to increase as a
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sequelae of improved life-expectancy and growing obesity in the
United States (U.S.) [3,4]. Nonoperative treatments constitute the
initial approach for knee OA and serve to delay definitivemodalities
like total knee arthroplasty (TKA). Current practice guidelines
strongly recommend participation in physical activity, weight loss,
and use of nonsteroid anti-inflammatory drugs [5]. However, these
nonoperative measures have resulted in variable success [6]. Pro-
viders routinely encourage exercise to offset and mitigate the ef-
fects of knee OA; however, patients often have trouble adhering to
these lifestyle changes. The demand for effective long-term treat-
ments with few side-effects has led to a search for innovative so-
lutions to reduce knee pain and restore function. In addition, based
on the growth in the aging population, a rapid increase in devel-
opment of knee OA disease rate, and opioid addiction risks asso-
ciated with the treatment of chronic pain, the need for alternative
therapies to address knee OA becomes crucial.

Home-based Neuromuscular Electrical Stimulation (NMES)
therapy has recently emerged as an affordable and practical option
to address quadriceps muscle dysfunction, a culprit of knee carti-
lage deterioration [7-11]. The quadriceps muscles are critical to
dynamic joint stability and function to relieve compressive loads,
thereby accelerating progression toward knee OA. NMES functions
to send an electrical impulse to alter motor recruitment by pref-
erentially activating a greater proportion of larger type II muscle
fibers in the target muscle group than volitional exercises at com-
parable intensities [12-15]. Multiple studies have suggested
improved knee pain and function utilizing NMES therapy following
total knee procedures [13,16-18]. A recent randomized trial found
significant knee pain reduction and improved functional scores
following the use of NMES therapy within 6 weeks of TKA [17].
High-level studies evaluating NMES use for the management of
knee OA has been limited although a recent regulatory clearance
has been received for this indication from the United States Food
and Drug Administration. A review of electrical stimulation mo-
dalities for OA-related knee pain demonstrates safety and success
[19]. However, the included studies are limited by small sample
sizes, significant heterogeneity, and lack of reported data related to
the patients’ compliance with the actual applied NMES treatment
dose during the studies. Despite reported success with NMES, there
is a paucity of high-quality studies identifying innovative treat-
ments targeting quadriceps weakness-related OA. Further exami-
nation is warranted to identify its utility for patients presenting
with knee OA.

A home-based NMES as a noninvasive, nonsurgical, and non-
pharmacological therapy has the potential to play a significant role
in management of knee OA in the comfort of a patient’s home. This
system utilizes a waveform pulse generator incorporated into a
light knee wrap and includes digital health features to facilitate the
reporting of the actual applied NMES therapy data by the patients.
The purpose of this study was to evaluate the effects of this NMES
modality compared with a sham treatment group for the treatment
of OA symptoms: knee pain, joint stiffness, and joint mobility.
Material and methods

Study design

This study was a multicenter randomized, sham-controlled,
double-blind, parallel-group trial (NCT04128618) [20] conducted
between October 2019 and June 2020 at 7 centers across the United
States. Central or local institutional review board approvals were
obtained for each site in accordance with the International Council
for Harmonisation Guidelines for Good Clinical Practice. All pa-
tients provided written informed consent prior to participation.
Patients

Adults with degenerative knee OA, radiographically defined by a
Kellgren-Lawrence grade [21] II, III, and IV, were randomized to
receive either the active, original, or modified low-voltage version
of NMES therapy. Randomization schedule was created using a
random permuted block methodology stratified by site. In order to
assist with recruitment and retention, assignment was in a 2:1 ratio
of NMES treatment therapy to sham treatment. Intent-to-treat
population was defined as all patients randomized (treatment
NMES N ¼ 106 and sham low-voltage NMES N ¼ 50). Per Protocol
Therapy Compliant (PPTC) population was defined as all random-
ized patients with at least 1 session of study therapy applied, no
major protocol deviations, and any patient in the treatment NMES
group who applied the NMES therapy at least for 800 minutes per
month (PPTC treatment NMES, N ¼ 69 at week 4, N ¼ 61 at week 8,
N ¼ 45 at week 12).

Treatment

A NMES therapy device (CyMedica Orthopedics NMES therapy,
Scottsdale, AZ) was provided to the patients and consisted of a
conductive knee garment with a controller (pulse generator),
docking receptacle, 2 range-of-motion sensors, and 3 electrodes.
The electrodes were designed to be placed on the vastus medialis
oblique and rectus femoris muscles of the quadriceps.

Trial interventions

A total of 177 potential patients were screened, and application
of selection criteria yielded 159 eligible for enrollment (Fig. 1). A
complete list of inclusion and exclusion criteria can be found on the
clinicaltrials.gov listing [20]. Two study groups were defined:
treatment NMES group that received the original NMES therapy
and a sham low-voltage NMES group as a control group and
received a modified low-voltage NMES therapy (Fig. 2). The applied
NMES intensities were controlled by the patients on the device
mobile app and could range from an incremental level of 0 (no
voltage) to 100 (maximum available voltage). The patients in the
sham low-voltage NMES group were given a modified version of
the NMES therapy with a limited maximum applied intensity of
level 5. Both groups were instructed to apply the NMES treatment
twice a day (each NMES sessionwas 20 minutes), 5 days a week for
12 weeks (a minimum of 800 minutes of therapy per month).
Overall compliance for groups is listed in Tables 1 and 2.

Study visits and outcome measures

The study visits included screening, baseline, week 4, week 8,
and week 12. Several patient-reported outcome measures were
collected at baseline and each follow-up visit. Visual Analog Scale
(VAS), Western Ontario and McMaster Universities Osteoarthritis
Index (WOMAC) [22], Knee Injury and Osteoarthritis Outcome
Score Joint Replacement (KOOS JR) [23], and Patient Global
Impression of Change were utilized. VAS was assessed for evalua-
tion of pain for a patient-nominated activity (VAS Nominated Ac-
tivity) [24] and a general knee pain (VAS General). VAS Nominated
Activity studied by Parkes et al. [24] was defined as a physical ac-
tivity that caused theworst knee pain for the patient at the baseline
visit. Isometric quadriceps strength test as an indicator for muscle
strength was conducted and analyzed. Using a handheld dyna-
mometer (model 01163; Lafayette Instrument Company, Lafayette,
IN), peak torque (lb.ft) exerted from patients’ lower leg when
pushed against the dynamometer at 90 degrees of flexion was
measured to represent the patient’s isometric quadriceps strength.

http://clinicaltrials.gov


Patients Screened
(N = 177)

Enrolled Patients
(N = 159)

Randomized 
Patients

(N = 156)

Treatment Arm 
NMES

(N = 106)

Sham Arm Low 
Voltage NMES

(N = 50)

Screen Failure Patients (N = 18)
Knee OA grade (N = 9)
Current malignancy (N = 4)
Knee Tibiofemoral angle (N = 4)
Fibromyalgia (N = 2)
Implanted electrical devices (N = 2)
Knee intraarticular device (N = 1)
Metallic hardware knee implant (N = 1)
Contralateral knee pain (N = 1)
Smart phone access (N = 1)

Not Randomized Patients 
Due to a Randomization 

Protocol Deviation 
(N = 3)

Completed
(N = 94)

ITT (N = 106)
PP Therapy 
Compliant at 
week 12 (N = 45)

Withdrawn
(N = 12)

Withdrawn
(N = 4)

Completed
(N = 46)

ITT (N = 50)
PP Therapy 
Compliant (N = 50)

Figure 1. Patient disposition flowchart.
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The primary endpoint was VAS Nominated Activity at week 12. The
primary endpoint was defined as either success or failure (binary
endpoint) where the patient experienced at least a 30% or greater
improvement from baseline at week 12 in the VAS Nominated
Activity or did not experience this defined improvement. Second-
ary endpoints were patient reported outcomes and isometric
quadriceps strength at week 12.
Statistical analysis

Sample size calculations were performed using a 2-group
Fisher’s exact test of equal proportions, with unequal sample
sizes, and a total of 99 patients were found to be required for this
study. This was assuming a two-sided test with an alpha of 0.05,
90% power, and a 2:1 ratio of NMES study treatment comparedwith
sham treatment when estimating 80% of patients compared with
45% of patients would reach success in the NMES and sham treat-
ment, respectively (a power of 80% and an alpha of 0.05 would
require 80 patients). The study enrolled a total of 159 patients to
account of potential attrition (106 to the NMES study treatment and
53 to the sham treatment). nQuery Advisor (Statsols, San Diego, CA)
was used for all sample size calculations. Descriptive statistics were
conducted for primary and secondary endpoints at baseline and
weeks 4 through 12. Chi-square tests compared the number and
proportion of patients who achieved 30% or greater improvement
from baseline in knee pain as measured by VAS Nominated Activity
and other endpoints as point estimates with 95% confidence in-
tervals. Logistic regression models provided sensitivity analysis. In
addition, analysis of change over time from week 4 through 12
(percentage change from baseline or PCFB) for the primary and
secondary endpoints and the statistical comparison against the
sham low-voltage NMES were conducted using Shapiro-Wilk test
or Mann-Whitney U test. Statistical analysis was conducted via SAS
version 9.4 (SAS Institute Inc., Cary, NC).
Patient demographic and baseline characteristics

A summary of demographic and baseline characteristics in the
treatment NMES and sham low-voltage NMES for the ITT and PPTC
populations is provided (Table 3).
Results

Knee pain in ITT patient population

A 39% (PCFB) reduction of knee pain was observed for VAS
Nominated Activity in the treatment NMES group at week 12.
However, the differences against the sham group did not reach
significance due to amix of different treatment compliance levels in
the ITT treatment NMES group, which ranged from 20 minutes to
2161 minutes of actual applied therapy at week 12. The outcomes
for the therapy-compliant treatment NMES group (PPTC) who
applied a minimum of 800minutes of therapy at week 12 exceeded
the MCID criteria of 30% and demonstrated a significant difference
against the sham group for the majority of the endpoints.



Figure 2. CyMedica e-vive system.
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Knee pain in PPTC population

A clinically meaningful reduction for VAS Nominated Activity
was higher in the PPTC treatment NMES group than that in the
sham low-voltage NMES group at week 12 (PCFB of �42.8
vs �38.6%, P ¼ .562). (Table 4) A greater proportion of the patients
in the PPTC treatment NMES group experienced at least a 30%
reduction of VAS Nominated Activity compared with the sham
patients at week 12 (treatment responder rates: 71% vs 62%).
(Table 5) A clinically meaningful reduction in the WOMAC pain
subscale was higher in the PPTC treatment NMES group than in the
sham low-voltage NMES group at week 12 (PCFBs of �36.8%
vs �26.6%, P ¼ .038). A greater proportion of the patients in the
PPTC treatment NMES group experienced at least a 30% reduction
inWOMAC pain subscale comparedwith the sham patients at week
12 (treatment responder rates: 64% vs 42%, P¼ .029). Similar trends
and reductions of pain were observed for VAS General and KOOS JR
Pain subscale (Tables 4 and 5).
Table 1
Summary of the actual applied NMES therapy duration (minutes) in the ITT population.

Parameter Treatment NMES-ITT population

Week 4 Week 8 Week

n 106 96 88
Mean 850.3 872.8 766.5
SD 396.2 497.3 448.6
Median 907.5 894.5 810.0
Min. 21 20 20
Max. 2146 3551 2161
Missing - 10 18

SD, standard deviation.
Knee stiffness in PPTC population

A clinically meaningful reduction in WOMAC stiffness subscale
was higher in the PPTC treatment NMES group than in the sham
low-voltage NMES group at week 12 (PCFBs of�44.7 vs �17.4%, P¼
.002). (Table 4) A greater proportion of the patients in the PPTC
treatment NMES group experienced at least a 30% reduction in
WOMAC stiffness subscale compared with the sham patients at
week 12 (treatment responder rates: 62% vs 56%, P¼ .011) (Table 5).
Similar trends and reduction of knee stiffness were observed for
KOOS JR stiffness subscale (Tables 4 and 5).

Knee functionality in PPTC population

A clinically meaningful improvement in WOMAC functional
subscale was higher in the PPTC treatment NMES group than in the
sham low-voltage NMES group at week 12 (PCFBs of �40.1
vs �24.5%, P ¼ .029) (Tables 4 and 5). Similar trends and im-
provements of knee functionality were observed for KOOS JR
function subscale (PCFBs of �39.3% vs �19.7%, P ¼ .029).

Isometric quadriceps strength test

The isometric quadriceps strength improvement was more
pronounced in the PPTC treatment NMES than in the ITT treatment
NMES patients at week 12 (PCFBs of 81.5% vs 64.6% at week 12)
(Table 6). The PCFBs at week 12 compared with the baseline
reached significance within the ITT and PPTC treatment NMES
groups (P ¼ .0006 and P ¼ .0001, respectively). The isometric
quadriceps strength also demonstrated improvements in the sham
group at week 12 (PCFB of 56%).

Patient Global Impression of Change survey

A larger proportion of the patients in the PPTC treatment NMES
group responded either “very much improved” or “much
improved” in their health status than those in the sham low-
voltage NMES group (64.4% vs 44%, P ¼ .046).

Discussion

Knee OA continues to have a substantial impact on individuals and
hospital systems and is expected to worsen in the coming years [1].
Quadriceps muscle dysfunction is thought to expedite physiologic
deterioration leading to OA; however, current treatment options
directly influencing this muscle group are limited [7-11,25-27]. This
study sought to examine OA-related knee pain, stiffness, and function
utilizing an innovative treatment modality: home-based NMES ther-
apy. We found clinically meaningful improvements in knee pain, joint
stiffness, and joint mobility among patients randomized to the NMES
treatment group compared with the sham low-voltage group. The
improvementsweremorepronounced for thepatientswhoadhered to
Sham low-voltage NMES-ITT population

12 Week 4 Week 8 Week 12

49 44 40
871.0 873.9 803.2
479.3 537.0 427.8
862.0 872.5 780.0

2 20 40
3005 2945 2292
- 5 9



Table 3
Patient demographic and baseline characteristics.

Variable Treatment NMES
(N ¼ 106, ITT)

Sham low-voltage
NMES (N ¼ 50, ITT)

Treatment NMES
(N ¼ 69 at week 4,
PPTC)

Treatment NMES
(N ¼ 61 at week 8,
PPTC)

Treatment NMES
(N ¼ 45 at week 12,
PPTC)

All patients
(N ¼ 156)

Age (y)
Mean (SD) 61.8 (11.0) 59.6 (10.0) 62.1 (10.6) 63.1 (10.0) 63.3 (8.7) 61.1 (10.4)
Median 64 61 64 64 64 62
Range 27-82 38-79 27-82 27-82 44-79 27-82

Gender, N (%)
Male 42 (39.6) 19 (38.0) 28 (40.6) 18 (29.5) 17 (37.8) 47 (30.1)
Female 64 (60.4) 31 (62.0) 41 (59.4) 43 (70.5) 28 (62.2) 72 (46.2)

Race, N (%)
White 76 (71.7) 37 (74.0) 51 (73.9) 44 (72.1) 32 (71.1) 88 (56.4)
Black or African American 25 (23.6) 11 (22.0) 14 (20.3) 13 (21.3) 10 (22.2) 25 (16.0)
Asian 4 (3.8) 2 (4.0) 3 (4.3) 3 (4.9) 2 (4.4) 5 (3.2)
American Indian 0 0 0 0 0 0
Other 1 (0.9) 0 1 (1.4) 1 (1.6) 1 (2.2) 1 (0.6)

BMI (kg/m2)
Mean (SD) 31.8 (6.1) 31.3 (5.8) 31.9 (6.1) 32.7 (6.4) 32.9 (6.7) 31.6 (6.0)
Median 30.5 31.3 31.3 30.7 32.6 31.3

Kellgren-Lawrence classification, N (%)
Grade II 45 (42.5) 24 (48.0) 28 (40.6) 25 (41.0) 19 (42.2) 69 (44.2)
Grade III 32 (30.2) 14 (28.0) 21 (30.4) 18 (29.5) 15 (33.3) 46 (29.5)
Grade IV 29 (27.4) 12 (24.0) 20 (29.0) 18 (29.5) 11 (24.4) 41 (26.3)

BMI, body mass index; SD, standard deviation.PP, per protocol; SD, standard deviation.

Table 2
Summary of the actual applied NMES therapy duration (minutes) in the PPTC population.

Parameter Treatment NMES-PPTC population Sham low-voltage NMES-PP population

Week 4 Week 8 Week 12 Week 4 Week 8 Week 12

n 69 61 45 49 44 40
Mean 1079.4 1139.7 1110.8 871.0 873.9 803.2
SD 231.4 425.4 298.2 479.3 537.0 427.8
Median 1060.0 1022.5 1020.0 862.0 872.5 780.0
Min. 800 800 800 2 20 40
Max. 2146 3551 2161 3005 2945 2292
Missing - - - - 5 9

BMI, body mass index; SD, standard deviation; PP, per protocol; SD, standard deviation.

Table 4
Comparison of percentage change from baseline or PCFBs at week 12.

Parameter Treatment NMES (N ¼ 45, PPTC)
PCFB, mean (SD)

Sham low-voltage NMES
(N ¼ 50, ITT & PP) PCFB, mean (SD)

P value (t-test)

VAS Nominated Activity �42.8% (37.3) �38.6% (33.5) .562
WOMAC pain subscale �36.8% (54.7) �26.6% (32.7) .038
KOOS JR pain subscale �43.2% (40.1) �27.7% (29.9) .010
WOMAC stiffness subscale �44.7% (35.5) �17.4% (41.3) .002
KOOS JR stiffness subscale �39.8% (40.0) �14.5% (49.0) .010
WOMAC function subscale �40.1% (34.3) �24.5% (34.2) .029
KOOS JR function subscale �39.3% (38.0) �19.7% (47.4) .029
WOMAC total �41.4% (33.1) �24.9% (32.5) .016
KOOS JR total �41.4% (36.8) �26.0% (31.4) .018

SD, standard deviation.

Table 5
Comparison of treatment responder rates at week 12.

Parameter Treatment NMES (N ¼ 45, PPTC)
treatment responder rate

Sham low voltage NMES
(N ¼ 50, ITT & PP)
treatment responder rate

P value
(chi-square test)

VAS Nominated Activity 71% 62% .348
VAS General 67% 46% .043
WOMAC pain subscale 64% 42% .029
KOOS JR pain subscale 56% 44% .076
WOMAC stiffness subscale 62% 56% .011
KOOS JR stiffness subscale 64% 46% .071

PP, per protocol.
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Table 6
Isometric quadriceps strength (peak torque) endpoints change from baseline at week 12.

Parameter Isometric quadriceps strength
PCFB at week 12

P value (t-test)

Treatment NMES-PPTC, N ¼ 38 81.5 (116.2) .0006
Treatment NMES-ITT, N ¼ 106 64.7 (101.7) .0001
Sham low-voltage NMES-ITT, N ¼ 50 56.3 (103.3) .0643

O.C. Sax et al. / Arthroplasty Today 15 (2022) 125e131130
the fulldaily treatmentdoseof2sessionsperday(20minuteseach)and
5 days of the week, and the results were different than those in the
shamlow-voltageNMESgroup.Even in theoverall (ITT)population, the
treatment NMES group including less-compliant patients demon-
strated a clinically meaningful reduction of knee pain.

This study is not without its limitations. Starting in March 2020,
the U.S. encountered a novel coronavirus disease (COVID-19). This
interrupted trial protocols due to temporary site closures andout-of-
window visits; however, to reduce the risk of missing data at the 8-
and 12-week visits, an alternative option of a telephone visit and
mailed-in study questionnaire was provided. Treatment and sham
group results may have been confounded by the placebo effect,
whichmay bemore pronounced in themodified low-voltage NMES
group. Patients in the low-voltage sham NMES group may have
experienced a strong placebo response, which is well established in
OA studies [28] and could have obscured differences between
groups. Patients in the sham low-voltage group were also given a
modified version of the NMES therapy and can arguably not be
considered a “true” placebo absent of any effect. In fact, our placebo
group achieved moderate levels of improvement compared with
baseline pain, coinciding with previously published rates [29].
Finally, patients were required to nominate an activity that elicited
the most knee pain. The type of activity differed among patients;
however, wewere able to objectively trend each patient’s knee pain
as scored by the VAS at each study visit using this methodology.
These study limitations shouldnotbedisqualifying given the sample
size and meaningful clinical changes reported between the 2 study
groups to address OA related knee pain, stiffness, and functionality.

Pham et al. [30] reported a set of knee pain and function treat-
ment responders’ criteria in kneeOAstudies fororalnonsteroidanti-
inflammatory drug and knee oral specific drug treatments. A
“moderate improvement”wasdefinedasakneepain relative change
of 30% and knee function relative change of 20%. A “high improve-
ment” was defined as a knee pain relative change of 55% and knee
function relative change of 50% according to the OMERACT-OARSI
set of responder criteria. The effectiveness for all pain, stiffness, and
functionality endpoints in the NMES therapy treatment group of our
studycanbe categorizedas “moderate improvement” after12weeks
of use based on these criteria. The observed gradual improvements
in the isometric quadriceps strength and improvements in the pain
and function outcomes are supported by prior findings in other
NMES-therapy-related studies [25-27]. Concomitantly, the study-
safety-related results demonstrated an excellent safety profile for
the NMES therapy with only 3 device-related adverse events that
were not serious and did not result in study discontinuation.
Together, these results demonstrate efficacy and safety using NMES
as a treatment modality for knee OA. Given patient preference to
limit in-office physician or physical therapy visits [19], this home-
based and practical NMES therapy may be of increasing utility for
patients suffering from knee OA symptoms.

Conclusions

The home-based NMES therapy as a nonsurgical treatment used
in this study has shown efficacy in the treatment of OA-related knee
pain, stiffness, and function. This treatment has the potential to
provide suffering patients with a bridge between conservative
management and definitive total knee procedures. Given the
increasing incidence of patients with knee OA due to improved
longevity, the health-care implications are clear. Moreover, as more
providers embrace the bundled payment model, the cost-saving
potential is imminent with TKA sparing measures like these.
Future studies should further explore the low-voltage NMES effects
on knee OA as seen in our sham group.
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