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Featured Application: Monitoring motion increases exercise performance and lower leg circula-
tion after TKR.

Abstract: (1) Background: deep venous thrombosis (DVT) has long been recognized as the most
devastating complication after total knee replacement (TKR). To prevent DVT, intermittent pneumatic
compression to improve venous return in the lower leg has been advocated by surgeons. Physical
activities such as active ankle pumping and early mobilization have been recommended as auxiliary
measures to increase venous return in the lower leg and help in ambulation after TKR. In this study,
in order to remind patients to exercise their ankle actively and efficiently after TKR, a foot band with
motion sensor and reminder alarm was used. (2) Methods: The patients were randomly allocated into
three groups according to the therapeutic protocols. The patients in group 1 conducted active ankle
pumping without any reminders, those in group 2 underwent intermittent pneumatic compression,
and those in group 3 conducted active ankle pumping with ankle motion sensor/reminder. The
parameters of blood flow, namely, peak flow velocity and flow volume, in the bilateral common
femoral vein and popliteal vein on the 1st, 3rd, and 14th days after surgery were measured using
the echo technique, an index to evaluate the effect on promotion of venous return, among the three
groups. (3) Results: The peak flow velocity and flow volume of the operative limb in group 3
(with motion sensor/reminder) were significantly higher than those in other groups. The peak flow
velocity and flow volume in the popliteal vein in group 3 increased by 112% and 93.8%, respectively,
compared to group 1 on the 14th day. No significant difference in peak flow velocity or flow volume
was found in the nonoperative limb between the groups. (4) Conclusions: According to the results, a
motion sensor/reminder with vibration alarms can improve the performance of active ankle pumping
exercises in improving lower leg circulation, and hence may reduce the risk of DVT.

Keywords: deep venous thrombosis; total knee replacement; motion sensor; alarm; active ankle
pumping exercise

1. Introduction

It has been estimated that 1 million patients underwent total knee replacement (TKR)
surgery in 2020, and this is projected to increase to 1.9 million in 2030 just in the US [1]. In
Asia, the reported incidence of DVT after TKR is about 34–48.6% [2,3]. Deep venous throm-
bosis (DVT) is a serious complication that usually occurs within 2 weeks after TKR [4–7],
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although the incidence is rare [5,8,9]. Possible damage to the vessel wall during the surgery,
venous stasis caused by bed rest, and hypercoagulability of the blood after surgery are the
three main reasons for the formation of DVT. In most cases, the thrombi resolve sponta-
neously; however, some of them (approximately 1–2.3%) may develop into symptomatic
and even fatal DVT [9]. Anticoagulants such as aspirin are traditionally used for patients
after TKR to prevent DVT [8,10], but carry a risk of GI bleeding [11,12]. In addition to
aspirin, physical therapies, including active ankle pumping exercise and intermittent pneu-
matic compression, have shown reduction in the risk and incidence of DVT [13–18]. The
mechanism of active ankle pumping exercise for DVT prevention is the extrusion of the
veins in the lower leg with the contraction of the calf muscles [19]. The extrusion force from
muscle contraction helps the venous blood to go against gravity and back to the heart. The
mechanism of intermittent pneumatic compression for DVT prevention is similar to that of
active ankle pumping exercises [20]. Ankle pumping exercises and pneumatic compression
differ in the power source. Muscle contraction is the power source of ankle pumping
exercises, whereas the external motor power is the power source of pneumatic compression.
Both ankle pumping exercise and intermittent pneumatic compression can reduce the risk
of DVT [13,14,16,17].

For DVT prevention with ankle pumping exercises after TKR, patients are asked to ex-
ercise automatically, particularly after returning home from the hospital. However, exercise
execution and effects of active ankle pumping exercises on DVT prevention is uncertain.
In addition, since ankle pumping exercises and intermittent pneumatic compression can
both prevent DVT, which one is more effective method is still not reported. To remind the
patients to exercise, a device with a motion sensor and vibration alarm, manufactured by
ZMI Electronics (Kaohsiung, Taiwan), was developed to promote patient compliance with
exercise regularly for their ankles after TKR. The alarm turns off if an adequate number of
ankle movement with more than 40 degrees has been performed.

This study compared 1. the effect of active ankle pumping exercise performed with
and without an alarm reminder, and 2. the effect of intermittent pneumatic compression
and active ankle pumping exercise without alarm reminder on the prevention of DVT in
the hospital. It is hypothesized that reminders can improve the performance of active ankle
pumping exercises to improve lower leg circulation.

2. Materials and Methods
2.1. Ethics Statement

The study protocol was reviewed and approved by the Institutional Review Board of
Show Chwan Memorial Hospital (1080704 on 17 October 2019 and 1090604 on 6 August
2020). All subjects provided written informed consent prior to the TKR surgery and
therapeutic procedures during hospitalization. All treatment procedures, including surgery
and physical therapy, were in accordance with the Declaration of Helsinki.

2.2. Study Subjects

This study was a cluster randomized controlled trial that compared lower leg circu-
lation using different approaches. Ninety patients undergoing traditional TKR surgery
between 1 January to 31 December 2020 at Chang Hua Show Chwan Memorial Hospital
were enrolled in this study. The eligibility criterion was unilateral primary TKR for knee
osteoarthritis. Patients with a history of cardiovascular disease, such as DVT, dyslipidemia,
hypertension, myocardial infarction, and hemorrhagic disease, were excluded from this
study. Patients were allocated to three groups, namely, groups 1, 2, and 3, in a 1:1:1 ratio,
based on the participation date. Patients who participated in the same period were assigned
to only one group [21]. However, one patient was moved from group 2 to group 1 because
of bleeding with intermittent pneumatic compression at the beginning of postoperative
nursing care. Finally, there were 31, 29, and 30 patients in groups 1, 2, and 3, respectively.
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2.3. Surgical Technique and Postoperative Nursing Care

Cruciate retaining (CR)-type prostheses (UOC, New Taipei, Taiwan) with extramedullary
guide in kinematic alignment were used for the TKR. In all patients, an air tourniquet
was applied after elevation of the leg without elastic bandage exsanguination [22]. The
patella was replaced with an inset-type component [23]. Periarticular injection of anal-
gesics, including Marcaine 20 mL, morphine 5 mg, ketorolac 30 mg, epinephrine 0.1 mg and
transamin 500 mg were given routinely [24]. The tourniquet was released after cementing
of all components and bleeders were checked with electrocautery. A 1/8 inch Hemovac
drain was then inserted before wound closure.

The routine postoperative nursing for the patients in each group included an X-ray
examination of the knee after the surgery [25]. Medications included 100 mg aspirin q.d.,
200 mg Celebrex g.d., Ultracet half a tablet q.i.d., and famotidine b.i.d. were given orally
from the first postoperative day [10]. The patients were encouraged to get up from bed as
soon as possible (mostly within 8 h after surgery) without routine urinary catherization. The
Hemovac drain was removed on the third postoperative day or when the daily drainage
amount was less than 200 mL.

2.4. Intervention Method

Group 1 patients learned active ankle pumping exercise for the operative limb and
practiced regularly under the supervision of the nursing staff in the hospital. They were
instructed to do the same at home after being discharged (Figure 1). The ankle pumping
exercise consisted of rotating the ankle in a circle for 2 min, 20◦ dorsiflexion for 3 min,
and 40◦ plantar flexion for 3 min in sequence. The ankle movements were performed at a
frequency of once per second and at a cycle of 8 min, 1 cycle every 30 min, and 24 cycles per
day [13]. Patients can execute the exercise in the supine, long sitting, sitting, and standing
positions. An assistive device, such as a walker or cane, should be used if needed. In
group 2, intermittent pneumatic compression was applied to the operative low limb during
their stay in the hospital. The intermittent pneumatic compression used was an Active
Compression System (Flowtron ACS900, ArjoHuntleigh Polska Sp. z o.o., Komorniki,
Poland). The frequency of the intermittent pneumatic compression was set to once/min,
and the duration was 16 h per day. The maximum pressure was set to 45 mmHg. They were
also taught and instructed to do an active ankle pumping exercise, as those for group 1,
after discharge. In group 3, in addition to active ankle pumping exercises for the operative
limb, a foot band containing a reminder device and a strap (Figure 2) was used to remind
the patients to perform the exercise. The reminder device, which was firmly attached to
the strap, was worn around the wrist or midfoot while resting. Using a vibration alarm,
the device reminded patients to exercise every 30 min. At the set time points, the vibration
alarm started, and the patients had to put the device on their foot with the band. The sensor
inside the device autodetected the movement of the ankle joint. The alarm stopped if an
adequate number of ankle movements of more than 40 degrees were performed. The alarm
started again at the next time point. Patients and their caregivers were taught about its
usage during the hospital stay and instructed to continue using it at home after discharge.
The band on the midfoot and above the slipper’s upper vamp does not hinder in-door
walking. The foot band was used throughout the day except during sleeping hours. The
foot band was removed on the follow-up visit of the patient after fourteen days. The only
difference between groups 1 and 3 was the use of a reminding vibration alarm for exercise
during the hospital stay and after discharge for group 3. The intervention was performed
in the operative limb, while the nonoperative limb did not undergo intervention.
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2.5. Index for Sonographic Assessment of Lower Limb Veins

Assessment of the effects was done through detection of blood clots in the calf and
thigh veins using ultrasonographic imaging, and a Doppler parameter of venous flow speed,
volume, and stasis that indicated the tendency toward blood clot formation. The color
Doppler ultrasound was done by an experienced technician in musculoskeletal systems
and reexamined by a physician well trained in vascular diseases. The assessor was blinded
to the grouping of the participants. Four different indices, namely, peak flow velocity, flow
volume, stasis, and DVT of the bilateral common femoral vein (CFV) and popliteal vein
(PV), were determined on the 1st, 3rd, and 14th days after the TKR surgery to assess the
risk of DVT. The initial condition of the veins immediately after surgery was recorded on
the first day. The patients were often discharged 3–5 days after surgery; hence, the second
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examination was completed on the third day after surgery. The third examination was
conducted at the first time the patient returned to the hospital again for checkup, which
was about the 14th day after the surgery.

The peak flow velocity and flow volume were directly detected using the Doppler
images [26]. Venous stasis was defined by a peak flow velocity lower than 10 cm/s and the
color of the blood inside the vein represented in the echo image was gray [27]. In addition,
the contour of the vein was compressible under a slight compression force with an echo
transducer. If the peak blood flow, flow volume, and blood echo image were the same as
that of stasis, but the contour of the vein was incompressible under a slight compression,
the cases were recorded as DVT [27]. The color of the normal blood flow in the echo image
should be black, while the color changed to gray, indicating that blood was pooling in the
vein and that further thrombosis was likely to occur. Other clinical signs, including pain
and swelling in the foot, ankle, or leg and the skin over the affected area turning pale or a
reddish or bluish color in the case of DVT were also recorded.

2.6. Follow-Up

All cases were followed up for 3 months after surgery to detect the incidence of DVT.
Contact with the patient was conducted via telephone every 2 weeks. If the patient reported
any clinical symptoms of DVT, they were asked to return to the hospital, and a Doppler
examination was performed again to confirm the incidence of DVT. Medical interventions
were adopted in patients with confirmed DVT.

2.7. Sample Size Calculation

Gpower version 3.197 was used for sample-size estimation. The required sample size
was estimated based on median effect size d = 0.3, α = 0.05, and power = 0.8, and three
groups were expected using analysis of variance (ANOVA). A total of 84 samples were
required, considering a possible loss of 10% of the samples; therefore, the total number of
samples was estimated to be 90.

2.8. Data Analysis

The collected data were analyzed using IBM SPSS Statistics for Windows version 24.0.
(IBM Corp., Armonk, NY, USA). Frequency, percentage, mean, and standard deviation
were used for descriptive statistics. Fisher’s exact test and ANOVA were used to compare
the differences between groups, and p < 0.05 was considered significant.

2.9. Limitations

The design of this study has some limitations. The major limitation is the unknown
exact number of active ankle pumping exercises performed during this period. Hence, the
degree of exercise performance is unknown. Furthermore, the quality of exercises among
the three groups was unclear, and the relationship between exercise quality and blood flow
could not be determined. A greater degree of ROM achieved during the exercise would
involve more muscle and lead to a greater pumping effect on the return of the blood in the
vein, which would reduce the risk of DVT after TKR surgery. Finally, age differences were
not considered because of the small sample.

3. Results
3.1. Baseline Characteristics

There were no significant differences in sex, age, surgical site, or bleeding among the
three groups (Table 1). The volume of Hemovac drainage in group 3 was significantly less
(p = 0.013) than that in groups 1 and 2. The drainage volume was 552.7 mL in group 3,
whereas it was 753 mL in group 2.
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Table 1. The baseline characteristics of the three groups in this study.

Date 14 November 2019–22
October 2020

Group 1
(N = 29)

Group 2
(N = 31)

Group 3
(N = 30) p-Value

Case 31 29 30
Gender (Male/female) 7/22 8/23 6/24 0.859

Age 69.7 ± 8.4 67.9 ± 8.1 70.3 ± 7.8 0.502
Rt/Lt 17/12 19/12 12/18 0.196

Bleeding 1 0 0
Hemovac drainage (mL) 602.0 ± 228.6 753.0 ± 288.6 552.7 ± 281.9 0.013

3.2. Peak Flow Velocity and Flow Volume

The results indicated that the peak flow velocities of the CFV and PV in the operative
limb in group 3 were significantly higher (p < 0.001) than those of group 1 on the 1st, 3rd,
and 14th days after surgery (Table 2). Furthermore, the peak flow velocity of the CFV on
the 1st, 3rd, and 14th days and that of the PV on the 14th day in the operative limb in group
3 was significantly higher (p < 0.001) than that in group 2. Compared with group 1, the
peak flow velocity of the PV in group 3 increased by 100% (from 13.4 to 26.8 cm/s), 124%
(from 13.4 to 30 cm/s), and 112% (from 13.7 to 29 cm/s) on the 1st, 3rd, and 14th days,
respectively. Additionally, the peak flow velocity of the PV in group 3 increased by 49.5%
(from 19.4 to 29 cm/s) on the 14th day compared to group 2. In the nonoperative limb,
there was no significant difference in the peak flow velocity of the CFV and PV between
the three groups.

Table 2. Peak flow velocity in the common femoral vein (CFV) and popliteal vein (PV) after
the surgery.

Group 1
(N = 31)

Group 2
(N = 29)

Group 3
(N = 30)

Average Standard
Deviation Average Standard

Deviation Average Standard
Deviation F p

Peak flow velocity (cm/s) in the operative limb
CFV

1st day 18.2 3.6 26.1 † 9.6 30.0 †,§ 5.9 20.153 <0.001
3rd day 18.3 4.0 26.2 † 8.0 31.3 †,§ 7.0 29.290 <0.001
14th day 20.5 4.7 22.6 4.4 34.6 †,§ 10.9 31.920 <0.001

PV
1st day 13.4 2.9 24.7 † 10.3 26.8 † 9.0 22.984 <0.001
3rd day 13.4 3.0 26.1 † 12.1 30.0 † 11.7 22.600 <0.001
14th day 13.7 3.4 19.4 † 8.1 29.0 †,§ 10.3 28.640 <0.001

Peak flow velocity (cm/s) in nonoperative limb
CFV

1st day 19.5 4.4 19.0 4.3 20.2 3.2 0.780 0.461
3rd day 18.3 3.9 19.7 4.7 20.2 3.4 1.783 0.174
14th day 20.1 4.0 20.6 5.1 22.7 5.7 2.392 0.097

PV
1st day 14.7 4.3 15.5 2.9 15.5 2.5 0.578 0.563
3rd day 14.6 4.4 16.1 3.4 15.2 2.6 1.365 0.261
14th day 13.6 3.4 15.4 3.9 16.5 3.2 4.936 0.009

CFV: common femoral vein; PV: popliteal vein. † Significant difference (p < 0.05) compared with group 1 using
LSD. § Significant difference (p < 0.05) compared with group 2 using LSD.

The flow volume of the CFV and PV on the operative limb in group 3 was significantly
higher (p ≤ 0.001) than that in group 1 on the 1st, 3rd, and 14th days after surgery (Table 3).
Furthermore, on the 14th day, the flow volume of the CFV and PV on the operative limb in
group 3 was significantly higher (p ≤ 0.001) than that in group 2. Compared with group 1,
the flow volume of the PV in group 3 increased by 69% (from 92.1 to 155.6 mL/min), 91.3%
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(from 87.6 to 167.6 mL/min), and 93.8% (from 98 to 189.9 mL/min) on the 1st, 3rd, and
14th days, respectively. In the nonoperative limb, there was no significant difference in the
flow volume of the CFV or PV between the three groups.

Table 3. Flow volume in the common femoral vein (CFV) and popliteal vein (PV) after the surgery.

Group 1
(N = 31)

Group 2
(N = 29)

Group 3
(N = 30)

Average Standard
Deviation Average Standard

Deviation Average Standard
Deviation F p

The flow volume (mL/min) in Operative limb
CFV

1st day 191.9 59.2 270.5 † 102.5 296.0 † 134.4 8.031 0.001
3rd day 195.9 65.3 277.4 † 94.5 294.7 † 134.2 7.836 0.001
14th day 234.2 74.9 256.8 62.8 352.1 †,§ 193.6 7.458 0.001

PV
1st day 92.1 70.5 163.5 † 55.0 155.6 † 104.1 7.240 0.001
3rd day 87.6 39.1 173.5 † 67.5 167.6 † 99.9 12.617 <0.001
14th day 98.0 49.5 147.2 † 56.5 189.9 †,§ 103.2 11.456 <0.001

Flow volume (mL/min) in the nonoperative limb
CFV

1st day 196.3 79.0 192.6 61.5 176.4 45.7 0.828 0.440
3rd day 183.1 70.5 213.9 70.3 182.6 74.9 1.891 0.157
14th day 222.4 67.1 228.0 61.1 204.2 88.7 0.873 0.421

PV
1st day 97.2 65.3 105.7 40.8 83.5 50.0 1.378 0.258
3rd day 90.7 59.7 108.7 47.2 82.9 50.1 1.951 0.148
14th day 86.6 42.9 106.5 43.5 105.9 43.1 2.042 0.136

CFV: common femoral vein; PV: popliteal vein. † Significant difference (p < 0.05) compared with group 1 using
LSD. § Significant difference (p < 0.05) compared with group 2 using LSD.

A subgroup analysis was performed to stratify comparisons by sex (Table 4), and the
differences between groups remained highly significant (p ≤ 0.001) in women; however,
the results in men showed less significant differences, indicating different effectiveness
between men and women.

Table 4. Peak flow velocity and flow volume in the common femoral vein (CFV) and popliteal vein
(PV) after the surgery stratified by gender.

Group 1
(N = 31)

Group 2
(N = 29)

Group 3
(N = 30)

Average Standard
Deviation Average Standard

Deviation Average Standard
Deviation F p

Women
Peak flow velocity (cm/s) in the operative limb

CFV
1st day 18.9 3.1 26.2 † 7.8 30.5 †,§ 6.0 21.371 <0.001
3rd day 18.8 4.1 26.5 † 7.3 32.6 †,§ 6.0 30.861 <0.001
14th day 20.9 5.0 22.7 4.3 36.4 †,§ 11.4 28.104 <0.001

PV
1st day 13.7 2.9 24.2 † 10.1 25.8 † 8.8 15.082 <0.001
3rd day 13.9 3.0 26.7 † 13.1 30.5 † 11.8 15.922 <0.001
14th day 13.7 3.4 19.9 † 9.3 28.9 †,§ 11.0 18.053 <0.001

Flow volume (mL/min) in operative limb
CFV

1st day 191.3 60.4 267.0 † 70.3 289.9 † 106.6 8.927 <0.001
3rd day 195.9 69.1 272.9 † 91.0 307.8 † 127.2 7.510 0.001
14th day 228.1 79.1 252.4 67.3 353.0 †,§ 170.9 7.478 0.001
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Table 4. Cont.

Group 1
(N = 31)

Group 2
(N = 29)

Group 3
(N = 30)

Average Standard
Deviation Average Standard

Deviation Average Standard
Deviation F p

PV
1st day 86.0 78.4 155.4 † 54.2 143.3 † 100.9 4.756 0.012
3rd day 84.8 39.7 174.2 † 74.8 172.5 † 100.1 10.029 <0.001
14th day 83.7 33.7 146.7 † 61.9 195.3 †,§ 108.8 12.432 <0.001

Men
Peak flow velocity (cm/s) in the operative limb

CFV
1st day 15.9 4.4 25.8 14.3 28.2 5.6 3.045 0.073
3rd day 16.6 3.8 25.3 10.3 26.2 8.9 2.887 0.082
14th day 19.5 3.7 22.5 5.1 27.5 †,§ 3.7 5.585 0.013

PV
1st day 12.3 3.0 25.9 † 11.5 30.8 † 9.0 8.016 0.003
3rd day 11.8 2.6 24.3 † 9.0 27.9 † 12.0 6.567 0.007
14th day 13.8 3.6 17.8 2.9 29.4 †,§ 7.2 19.072 <0.001

Flow volume (mL/min) in operative limb
CFV

1st day 194.1 59.8 280.6 171.4 320.3 227.3 1.028 0.378
3rd day 195.8 56.6 290.4 109.7 242.5 161.1 1.293 0.299
14th day 253.5 60.5 269.5 49.2 348.8 288.0 0.659 0.529

PV
1st day 111.3 33.6 186.6 53.9 204.9 111.0 3.390 0.056
3rd day 96.3 38.7 171.2 43.7 148.1 106.0 2.475 0.112
14th day 142.7 66.0 148.8 40.4 168.2 81.9 0.285 0.756

CFV: common femoral vein; PV: popliteal vein. † Significant difference (p < 0.05) compared with group 1 using
LSD. § Significant difference (p < 0.05) compared with group 2 using LSD.

3.3. Stasis

Venous stasis was significantly more common (p ≤ 0.009) in group 1 than in groups 2
and 3 in both limbs (Table 5). The number of cases of venous stasis in the operative limb in
group 1 was four, two, and five on the 1st, 3rd and 14th day, respectively, after surgery. No
venous stasis was found in the operative limb in group 3 after the surgery. Additionally,
in the nonoperative limb, the number of cases of venous stasis in group 1 was four, five,
and nine on the 1st, 3rd, and 14th, respectively, day after surgery, while only one case was
found with stasis in the nonoperative limb in groups 2 and 3.

Table 5. Case numbers with stasis after the surgery.

Group 1
(N = 31)

Group 2
(N = 29)

Group 1
(N = 30) Total p

Patient % Patient % Patient % Patient %

Operative limb
1st day 0.009

Stasis (−) 25 86.2% 31 100.0% 30 100.0% 86 95.6%
Stasis (+) 4 13.8% 0 0.0% 0 0.0% 4 4.4%
3rd day 0.101

Stasis (−) 27 93.1% 31 100.0% 30 100.0% 88 97.8%
Stasis (+) 2 6.9% 0 0.0% 0 0.0% 2 2.2%
14th day 0.015
Stasis (−) 24 82.8% 30 96.8% 30 100.0% 84 93.3%
Stasis (+) 5 17.2% 1 3.2% 0 0.0% 6 6.7%
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Table 5. Cont.

Group 1
(N = 31)

Group 2
(N = 29)

Group 1
(N = 30) Total p

Patient % Patient % Patient % Patient %

Nonoperative limb
1st day 0.294

Stasis (−) 25 86.2% 29 93.5% 29 96.7% 83 92.2%
Stasis (+) 4 13.8% 2 6.5% 1 3.3% 7 7.8%
3rd day 0.162

Stasis (−) 24 82.8% 29 93.5% 29 96.7% 82 91.1%
Stasis (+) 5 17.2% 2 6.5% 1 3.3% 8 8.9%
14th day 0.004
Stasis (−) 20 69.0% 29 93.5% 29 96.7% 78 86.7%
Stasis (+) 9 31.0% 2 6.5% 1 3.3% 12 13.3%

3.4. Occurrence of DVT during Follow-Up

None of the patients had any clinical sign of DVT during the hospitalization or follow-
up period.

4. Discussion

In the present study, the risk of DVT was assessed for three groups of patients. In one
of the groups, a regular reminder to the patient through vibration alarms of a foot band
with motion sensor was used to increase the performance of the ankle pumping exercises,
and the results confirmed a positive effect on peak venous blood flow and blood flow
volume with Doppler after the surgery. Despite the absence of DVT incidence in this study,
the Doppler examination provides additional evidence to support the contribution of the
proposed approach in reducing the risk for DVT.

Ankle pumping exercise is a proposed strategy to prevent the formation of DVT, but it
is challenging to know the performance of the exercise, particularly when the patient is
discharged to home. In the present study, the occurrence rate of stasis was 17.2% in the
patient without exercise alarm for 11 days at home (group 1), while none of the patients
with the same exercise and regular with exercise alarm had signs of stasis. A simple
reminder with the alarm could reduce the incidence of stasis after TKR. Furthermore,
regular reminders to the patients for exercise also significantly increased the peak blood
velocity and flow volume in the vessels. These results demonstrate the effect of regular
reminders to increase the effect of active ankle pumping exercises after TRK without
supervision at home.

Postoperative swelling and edema are common after TKR. Negative pressure drainage
is typically used to remove stagnant tissue fluid. In addition to drainage, exercise has been
suggested to reduce postsurgery edema [28]. In the present study, group 3 executed the
exercise with reminders; hence, the execution rate of the exercise was certain. Because
exercise helps reduce edema, the drainage volume is also reduced. In group 1, the execution
of exercise was uncertain, and the drainage volume was greater than that in group 3.
Although pneumatic compression has been reported to be beneficial in the acceleration
of venous blood reflex, the effect of pneumatic compression on reducing edema remains
uncertain. Hence, the drainage volume was more than that in group 3.

Intermittent pneumatic compression, except for active ankle pumping exercises, is
also a standard approach to prevent the formation of DVT [16,17]. In the present study,
despite the use of intermittent pneumatic compression for the first 3 days in the hospital
after the surgery, the occurrence rate of stasis was lower than that of the active ankle
pumping exercise without reminders, both in the hospital and at home. The same exercise
was suggested for groups 1 and 2 at home after discharge, and the incidence of stasis was
found to be 3.2% in group 2 and 17.2% in group 1 after the same exercises for 13 days. The
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reason for this is unknown, because the difference in exercise performance between the
two groups is unknown. This is worth investigating in future studies.

In the ultrasound examination data, the peak flow velocity and flow volume with
intermittent pneumatic compression were higher than those with active ankle exercises on
the 1st and 3rd days. On the 14th day, just the results in the popliteal vein were higher in
group 2 than in group 1. The blood in the popliteal vein is more accurate than that in the
common femoral vein for evaluating the formation of DVT. Since the popliteal vein is more
distal than the common femoral vein, the popliteal vein can represent the blood-return
condition in the distal limb. In contrast, the common femoral vein is more proximal than the
popliteal vein and receives backflow blood from the thigh muscles; hence, the differences
in peak flow velocity and flow volume were not significant.

The results of stasis were both very good with intermittent pneumatic compression
and exercise with reminders. No stasis occurred during hospitalization, and only one
patient had signs of stasis on the 14th day in each group. Furthermore, the echo data
demonstrated that the peak flow velocity and flow volume with exercise reminders were
higher than those with intermittent pneumatic compression on the 14th day after surgery.
No significant difference in peak flow velocity or flow volume was observed between the
two groups on the 3rd day, while better results were obtained with regular reminders when
performing the same exercise. The results confirmed the effect of exercise reminders to
increase the performance of exercise.

The proposed approach with a reminder device for TKA patients to exercise is similar
to telerehabilitation and virtual rehabilitation. The aim of this approach was to increase
exercise execution. Supervised telerehabilitation is an effective approach to enhance func-
tional recovery after TKR [29]. In addition, the effectiveness of virtual rehabilitation is
similar to that of traditional home or clinic physical therapy [30]. In the present study, a
non-real-time device was found to increase TKR patients’ exercise habits at home. Such
platforms encourage clinician–patient interaction even after discharge, and they have many
advantages, including low cost, convenience, and lack of traffic movement [31].

Based on the results of this study, TKR surgery not only affects the surgical limb
but also the nonoperative limb. Venous stasis was found in the nonoperative limb in the
three groups; however, the incidence with active exercise and without reminding was
obviously higher than that with intermittent pneumatic compression and active exercise
with reminders. Although in the echo examination, there was no significant difference
between the three groups, a prevention strategy for DVT should also be considered for the
nonoperative limb, particularly in cases with a history of vascular disease.

In this study, Doppler echocardiography was used to detect the flow velocity in the
vein, while plethysmography was used in previous studies [13,14]. The advantages of
Doppler echocardiography are the direct measurement of the flow velocity inside the
vessels, instead of an indirect speculation of the venous status. Furthermore, the level
of evidence of the direct measurement is stronger than that of indirect speculation. The
patients are more comfortable with Doppler technology because a higher pressure to stop
blood flow in plethysmography is not needed during Doppler determination.

No DVT was observed in the present study. This might be due to the use of aspirin;
hence, the coagulation mechanism was partially inhibited. Although stasis appeared in
some patients, no DVT was found. Another possible reason is race: Asians have been
reported to have lower DVT incidence than blacks [32]. Although no real DVT occurred,
prophylaxis against DVT is still warranted, particularly in the high-risk group with a
history of vascular disease.

5. Conclusions

This study proposed a new approach using regular alarm reminders on the ankle to
increase the performance of active ankle pumping exercises and reducing the risk of DVT
after TKR. Based on the present results, we recommend regular reminders with voice alarms
and vibration from a watch for patients with TKR to increase the performance of active
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ankle pumping exercises after TKR during hospital stays and at home, particularly for
patients who are not suitable for aspirin. Although an intermittent pneumatic compression
is also another recommended option for the prevention of DVT, we do not recommend
active ankle pumping exercise without any reminders or supervision.
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