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Background: Previous studies evaluating reasons for 30-day readmissions following total joint arthroplasty (TJA) may underestimate hospital-based utilization of healthcare resources during a patient's
episode-of-care. We sought to identify common reasons for 90-day emergency department (ED) visits
and hospital readmissions following primary elective unilateral TJA.
Methods: Patients from July 1, 2012 through June 30, 2015 having primary elective TJA and at least one
90-day postoperative ED-only visit and/or readmission for any reason were identiﬁed using the Kaiser
Permanente Total Joint Replacement Registry. Chart reviews for ED visits/readmissions included 13
surgical and 11 medical reasons. The 2344 total hips and 5520 total knees were analyzed separately.
Results: Incidence of at least one ED visit following total hip arthroplasty (THA) was 13.4% and 4.5% for
readmissions. The most frequent reasons for ED visits were swelling (15.6%) and pain (12.8%); the most
frequent reasons for readmissions were infection (12.5%) and unrelated elective procedures (9.0%). The
incidence of at least one ED visit following total knee arthroplasty (TKA) was 13.8%, and the incidence of
readmission was 5.5%. The most frequent reasons for ED visits were pain (15.8%) and swelling (15.6%);
the most common readmission reasons were gastrointestinal (19.1%) and manipulation under anesthesia
(9.4%).
Conclusion: Swelling and pain related to the procedure were the most frequent reasons for 90-day ED
visits after both THA and TKA. Readmissions were most commonly due to infection or unrelated
procedures for THA and gastrointestinal or manipulation under anesthesia for TKA. Modiﬁcations to
discharge protocols may help prevent or alleviate these issues, avoiding unnecessary hospital returns.
© 2018 Elsevier Inc. All rights reserved.
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The demand for total joint arthroplasty (TJA) continues to rise,
with surgical rates that outpace the number of orthopedic surgeons
[1]. Projected estimates suggest an increase in the United States
(US) of approximately 35% for total hip arthroplasty (THA) from
378,089 in 2015 to 511,837 in 2020, and an estimated 48% increase
in total knee arthroplasty (TKA) from 926,527 in 2015 to 1,375,574
in 2020 [2]. The increasing demand for TJA will similarly make
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ﬁnancial demands on healthcare delivery systems. In 2010, 1.05
million joint arthroplasties were performed with a total approximate cost of $19,000 per joint for a total of $20 billion in healthcare
expenditure [3]. The anticipated rise in surgical volume makes it
imperative for surgeons to control costs within the episode-of-care,
while maintaining a high standard of quality and patient
satisfaction.
In the US, the Centers for Medicare and Medicaid Services
initiated the Bundled Payments for Care Improvement Initiative
(BPCI), with the proposed goals of controlling costs while
rewarding quality of care. Under model 2 of the BPCI, the episode of
TJA includes the inpatient stay in an acute care hospital plus the
postacute care and all related services up to 90 days after hospital
discharge [4]. This bundle includes all hospital and outpatient care,
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including any related readmissions. Hospital admissions in this
patient population have been shown to be high at baseline, and to
increase further in the 365 days after the arthroplasty procedure.
Bohm et al [5] found the frequency of admissions in the preoperative year to increase in the 1-year postoperative period for both
elective THA (12.9%-14.8%) and elective TKA (10.2%-15.5%) patients,
representing a 15% and 52% increase, respectively, illustrating both
the importance and challenge of ﬁnding ways to decrease hospital
readmissions.
The current emphasis on readmission following TJA in the US is
understandable given the risk in penalty of up to 3% of annual
hospital Medicare payments for excessive readmissions under the
Affordable Care Act. However, this focus on readmission underestimates hospital-based utilization of healthcare resources [6].
It is estimated that 5.6%-13.9% of hospital discharges following TJA
present to the emergency department (ED) only within 30 days of
discharge [7,8]. An accurate assessment of the impact to our
healthcare system must therefore also include ED visits.
The combined demands of an increasing number of patients
undergoing TJA and increasing pressures for cost containment
make it imperative to address all aspects of patients' recovery and
resource utilization. The goal of this study is to identify reasons for
visits to the ED and for readmissions in the ﬁrst 90 days following
THA and TKA separately. In evaluating the reasons for events, we
hope to establish baseline numbers for future comparison and
guide preventative efforts.

Materials and Methods
Study Setting and Population
We conducted a descriptive study including patients who underwent an elective primary unilateral THA or TKA at 3 high-volume
Southern California hospitals within our integrated healthcare

system between July 1, 2012 and June 30, 2015 and subsequently had
at least one event within 90 days of the primary procedure. An event
was deﬁned as an ED-only visit and/or a readmission. Only patients
with an event to a hospital within our integrated healthcare system
were included since ED visit and readmission information from
outside hospitals was not available in the electronic health record
(EHR). Events where the patient left without being seen, and care
not documented in the EHR were excluded. Patients younger than
the age of 18 and those who underwent a same-day bilateral TJA or
revision surgery were excluded.

Data Collection
TJA patients from the 3 participating medical centers were
identiﬁed using the Kaiser Permanente Total Joint Replacement
Registry (TJRR). Detailed information on TJRR coverage, data
collection procedures, and quality assurance has been detailed
previously [9,10]. Information extracted from the TJRR included
patient characteristics (age, gender, and American Society of Anesthesiologists [ASA] classiﬁcation) and primary procedure characteristics (diagnosis, date of procedure, and in-hospital length of
stay [LOS]).
The institutional EHR was used to identify events within 90 days
of the TJA and the reasons for events. ED-only visits occurring
within the 90-day time frame were identiﬁed as an “Emergency”
admission to the hospital, while readmissions were identiﬁed as an
“Inpatient” stay. For readmissions, the admit source was classiﬁed
as either through the ED or outside the ED. The reasons for events
were reviewed and classiﬁed by orthopedic surgeon investigators.
The surgeon reviewers classiﬁed the primary cause of each 90-day
event using 24 prespeciﬁed reasons for return. These reasons were
either surgically related or medically related (Table 1). Surgicalrelated causes included cellulitis, constipation, deep infection,
deep vein thrombosis (DVT), dislocation, hematoma drainage,

Table 1
Prespeciﬁed ED Visit and Readmission Cause Categories.
Relation to the
Surgical Procedure

Primary Cause Category

Surgical

Cellulitis
Constipation
Deep infection
Deep vein thrombosis
Dislocation
Hematoma/drainage
Manipulation under anesthesia
Pain related to the primary procedure
Pulmonary embolism
Serous drainage
Swelling of the operative extremity

Medical

Wound dehiscence
Other related to the primary procedure
Cardiovascular
Elective procedure unrelated to the primary procedure
Endocrine
Fever of unknown origin
Gastrointestinal not including constipation
Genitourinary
Neurological
Pain unrelated to the primary procedure
Pulmonary
Other medical unrelated to the primary procedure
Other musculoskeletal complaints

Category Inclusion Examples

Operative leg pain, including med reﬁlls

Ecchymosis, edema, incisional concerns, patient or family concern about swelling,
wound appearance
Neuropraxia
Anemia, chest pain, hypertension, hypotension, vascular
Elective TJA for the opposite side
Diabetes mellitus, thyroid disorders
Cholecystitis, diarrhea, gastrointestinal bleed, small bowel obstruction, sore throat
Dehydration/dizziness, electrolytes, ﬂuids, hematuria, renal failure, retention,
urinary tract infection
Altered mental status, headache, migraine, stroke, syncope, transient ischemic
attack, vertigo
Nonoperative leg musculoskeletal pain/injury, operative leg pain away from surgical
site (eg, calf pain, compression hose issues)
Cough, hematemesis, pneumonia, shortness of breath
Allergic reaction, anxiety, failure to thrive/cope, general health concerns, medication
reaction/overdose
Ankle sprain, back pain, cervicalgia, chest wall pain
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Table 2
Demographic and Surgical Characteristics of THA and TKA Patients who Returned to the ED or were Readmitted Within 90 Days Following the Primary Procedure.
Characteristic

Total N
Age (y), median (IQR)
Gender
Female
Male
ASA score
1-2
3-4
Length of stay (h), median (IQR)
Discharge to ED/readmission (d), median (IQR)
Readmission source
ED
Outside of the ED

THA

TKA

ED Visit, n, (%)

Readmission, n, (%)

ED Visit, n, (%)

Readmission, n (%)

366
68 (59-76)

144
67 (59.5-76)

931
68 (62-74)

277
69 (62-78)

576 (61.9)
355 (38.1)

167 (60.3)
110 (39.7)

704
227
48
12

181
95
51.9
36

210 (57.4)
156 (42.6)
264
102
48
11

(72.1)
(27.9)
(48-72)
(3-39)

e
e

77 (53.5)
67 (46.5)
89
55
51.3
33

(61.8)
(38.2)
(48-72)
(13-65)

88 (61.1)
56 (38.9)

e
e

(75.6)
(24.4)
(48-72)
(4-34)

(65.6)
(34.4)
(48-72)
(10-66)

192 (69.3)
85 (30.7)

Missing: knee: ASA score (readmission n ¼ 1, %).
IQR, interquartile range.

manipulation under anesthesia (MUA), pain related to the primary
procedure (related pain), pulmonary embolism, serous drainage,
swelling of the operative extremity, wound dehiscence, and other
related to the primary procedure. Medical-related causes included
cardiovascular, elective surgical procedure unrelated to the primary
procedure, endocrine, fever of unknown origin, gastrointestinal
(GI) not including constipation, genitourinary (GU), neurological,
pain unrelated to the procedure (unrelated pain), pulmonary, other
medical unrelated to the primary procedure, and other musculoskeletal complaints.

event following the primary procedure over the total eligible
population from the 3 participating sites. Descriptive statistics
including frequencies, proportions, means, standard deviations,
medians, interquartile ranges, and ranges were computed using the
R Statistical Computing Environment. Primary causes for ED-only
visits and readmissions were presented both according to events
that occurred within 90 days of the primary procedure and within
the 30 days following the primary procedure and stratiﬁed according to surgical-related causes or medical-related causes.
Results were presented for THA and TKA procedures separately.

Statistical Analysis

Ethics

Crude incidence of at least one ED-only visit or of at least one
readmission in the 90-day episode-of-care following the primary
procedure was calculated as the proportion of at least one 90-day

Institutional review board approval was obtained prior to the
beginning of the study. No outside funding was obtained for the
performance of this study.

Fig. 1. Proportion of (A) ED-only visits and (B) readmissions following elective primary unilateral THA due to surgical or medical primary causes. Blue bars represent surgical cause
and red bars represent medical cause. Proportions are stratiﬁed according to timing of the event: 90 days overall, within 30 days, and 31-90 days following the primary THA.
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Results
Study Sample
There were 2344 THAs and 5520 TKAs performed at the 3 sites
during the study period. About 13.4% of all THAs and 13.8% of all
TKAs had at least one 90-day ED-only visit following the primary
procedure. Incidence of at least one 90-day readmission following
the primary procedure was 4.5% for THA and 5.5% for TKA. The ﬁnal
study sample consisted of 510 and 1208 ninety-day events
following THA and TKA, respectively. Of the 510 THA events, 366
(71.8%) were ED-only visits and 144 (28.2%) were readmissions; 88
(61.1%) of THA readmissions were through the ED. Of the 1208 TKA
events, there were 931 (77.1%) ED-only visits and 277 (22.9%)
readmissions, with 192 (69.3%) of the readmissions readmitted
through the ED.
Of the THA patients, the median age was 67-68 years, and the
majority were female and had an ASA less than 3 (Table 2). Of the
TKA patients, the median age was 68-69 years and were predominantly female with an ASA less than 3 (Table 2). For both THA and
TKA ED-only visit groups, the median LOS following the primary
procedure was 48 hours, while the median LOS for the readmission
groups was over 51 hours. Median time from discharge to return to
the ED following THA and TKA was 11 and 12 days, respectively, and
from discharge to readmission was 33 and 36 days, respectively.
Total Hip Arthroplasty
Of the 366 ED-only visits following THA, 254 (69.4%) occurred
within 30 days of the primary procedure. The majority of ED visits
within the ﬁrst 30 days were due to surgical-related causes,
although in the 31-day to 90-day time period the majority were due
to medical causes (Fig. 1A). In the ﬁrst 90 days after primary THA,
the top 3 surgically related reasons for ED-only visits included the
following: 1, swelling of the operative extremity; 2, related pain;
and 3, constipation (Table 3). These were the same top 3 reasons
within the ﬁrst 30 days. The top 3 medically related reasons for
90-day ED-only visit following THA included the following: 1, other
musculoskeletal complaints; 2, GU; and 3, GI and other unrelated
medical cause (tie). Within the ﬁrst 30 days only, the top reasons
were similar, although GU rather than other musculoskeletal
complaints was the predominant reason for readmission.
Readmission events following THA were less frequent than ED
events. After primary THA, there were 69 (47.9%) readmissions
within 30 days and 75 (52.1%) readmissions in the 31-day to 90-day
period. Similar to ED-only visits, the majority of readmissions
within the ﬁrst 30 days were due to surgical-related causes while
most were due to medical causes in the 31-day to 90-day time
period (Fig. 1B). The top surgically related reasons for 90-day
readmissions included the following: 1, deep infection; and 2,
dislocation and other related surgical cause (tie) (Table 3). Deep
infection was also the top surgical reason within the ﬁrst 30 days.
Top 3 medically related reasons for 90-day readmissions included
the following: 1, unrelated elective procedure; 2, cardiovascular;
and 3, GI and pulmonary (tie). Within the ﬁrst 30 days only, cardiovascular was the main medical reason for readmission. There
were no elective procedures within the ﬁrst 30 days.
Total Knee Arthroplasty
There were 667 (71.6%), 30-day ED-only events and 264 (28.4%)
in the 31-day to 90-day period following primary TKA. Although the
majority of ED-only visits within the ﬁrst 30 days were almost
evenly distributed between surgical and medical-related causes, in
the 31-day to 90-day time period the majority were due to medical

Table 3
Primary Cause for ED-Only Visit and Readmission Following Primary THA.
Primary Cause
ED visit
Total
Surgical
Swelling
Pain related to the primary
Constipation
Dislocation
Cellulitis
Serous drainage
Deep vein thrombosis
Hematoma drainage
Other related to the primary
Wound dehiscence
Manipulation under anesthesia
Pulmonary embolism
Deep infection
Medical
Other musculoskeletal complaints
Genitourinary
Gastrointestinal not including constipation
Other medical unrelated to the primary
Cardiovascular
Pulmonary
Neurological
Pain unrelated to the primary
Fever of unknown origin
Endocrine
Elective procedure unrelated to the primary
Readmission
Total
Surgical
Deep infection
Dislocation
Other related to the primary
Cellulitis
Serous drainage
Hematoma drainage
Deep vein thrombosis
Pain related to the primary
Pulmonary embolism
Constipation
Manipulation under anesthesia
Swelling
Wound dehiscence
Medical
Elective procedure unrelated to the primary
Cardiovascular
Gastrointestinal not including constipation
Pulmonary
Other medical unrelated to the primary
Other musculoskeletal complaints
Neurological
Genitourinary
Fever of unknown origin
Endocrine
Pain unrelated to the primary

0-90 D, n (%)

0-30 D, n (%)

366 (100.0)

254 (100.0)

57
47
18
15
14
8
7
6
5
4
0
0
0

(15.6)
(12.8)
(4.9)
(4.1)
(3.8)
(2.2)
(1.9)
(1.6)
(1.4)
(1.1)
(0.0)
(0.0)
(0.0)

50
44
18
7
9
6
4
6
4
2
0
0
0

(19.7)
(17.3)
(7.1)
(2.8)
(3.5)
(2.4)
(1.6)
(2.4)
(1.6)
(0.8)
(0.0)
(0.0)
(0.0)

31
30
25
25
18
18
17
14
6
1
0

(8.5)
(8.2)
(6.8)
(6.8)
(4.9)
(4.9)
(4.6)
(3.8)
(1.6)
(0.3)
(0.0)

15
22
10
15
12
8
6
10
5
1
0

(5.9)
(8.7)
(3.9)
(5.9)
(4.7)
(3.1)
(2.4)
(3.9)
(2.0)
(0.4)
(0.0)

144 (100.0)

69 (100.0)

18
10
10
7
6
4
3
2
2
0
0
0
0

(12.5)
(6.9)
(6.9)
(4.9)
(4.2)
(2.8)
(2.1)
(1.4)
(1.4)
(0.0)
(0.0)
(0.0)
(0.0)

8
3
5
7
5
4
3
2
1
0
0
0
0

(11.6)
(4.3)
(7.2)
(10.1)
(7.2)
(5.8)
(4.3)
(2.9)
(1.4)
(0.0)
(0.0)
(0.0)
(0.0)

13
12
10
10
9
9
8
7
4
0
0

(9.0)
(8.3)
(6.9)
(6.9)
(6.3)
(6.3)
(5.6)
(4.9)
(2.8)
(0.0)
(0.0)

0
7
4
4
2
0
5
5
4
0
0

(0.0)
(10.1)
(5.8)
(5.8)
(2.9)
(0.0)
(7.2)
(7.2)
(5.8)
(0.0)
(0.0)

Stratiﬁed by surgical or medical-related causes then ordered from most to least
frequently occurring during the ﬁrst 90 d postoperatively.

primary causes (Fig. 2A). The top 3 surgically related reasons for both
90-day and 30-day ED-only visits after primary TKA were the same
as THA: 1, related pain; 2, swelling of the operative extremity; and 3,
constipation (Table 4). Looking at medically related reasons, the top
reasons for ED-only visits in the ﬁrst 90 days following TKA included
the following: 1, GI; 2, other musculoskeletal complaint; and 3, other
unrelated medical cause. GI and other unrelated medical cause were
also top medical reasons within the ﬁrst 30 days.
Similar to THA, readmission events were less frequent than ED
events following TKA. Of the 277 readmissions following TKA, 123
(44.4%) occurred within 30 days of the primary procedure. The
majority of readmissions following primary TKA were due to
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Fig. 2. Proportion of (A) ED-only visits and (B) readmissions following elective primary unilateral TKA due to surgical or medical primary causes. Blue bars represent surgical cause
and red bars represent medical cause. Proportions are stratiﬁed according to timing of the event: 90 days overall, within 30 days, and 31-90 days following the primary TKA.

medical causes in both the 0-day to 30-day and 31-day to 90-day
time periods (Fig. 2B). The top 3 surgically related reasons for
readmissions in the 90 days after primary TKA included the
following: 1, MUA; 2, cellulitis; and 3, deep infection (Table 4).
Cellulitis was the main reason for readmission within the ﬁrst 30
days, while there were no readmissions for MUA. The top medically
related readmission reasons in the 90 days following TKA included
the following: 1, GI; 2, cardiovascular; and 3, neurological. GI
and cardiovascular were also top medical reasons within the ﬁrst
30 days.
Discussion
ED visits and readmissions increase the overall cost per episode,
utilize hospital resources, place an undue burden on patients and
families in the immediate postoperative period, and can have a
negative impact on recovery. Attempts to decrease ED visits and
readmissions depend on understanding the causes for these visits.
For both THA and TKA, we found ED-only visits were more common
in the ﬁrst 30 days postoperative, while readmissions were more
common in the 31-day to 90-day period. With the exception of
readmissions following TKA, surgically related reasons tended to
predominate within the ﬁrst 30 days, but medically related reasons
were more common overall. Pain and swelling were the most
common reasons for ED-only visits for both THA and TKA, while
infectious reasons were the most common for readmissions.
Similar to prior reports, ED-only visits were more common than
readmissions [7,8,11]. Rossman et al [7] reported an ED visit rate of
12%, in line with our 90-day rate. Although Trimba et al [8] found
ED visits to be more commonly associated to the surgical procedure, we found medical causes to be the primary reason. This
discrepancy may be due to differences in the postoperative time
period of interest: surgical reasons predominated in our study
sample within the ﬁrst 30 days, but medical reasons were the
primary when looking over the entire 90 days postoperative.
Rossman et al [7] found over half of postoperative TKA patients
were seen in the ED only without being readmitted, indicating an

overuse of the ED for routine issues. Likewise, only 19% and 17% of
ED visits in our study resulted in an admission following THA and
TKA, respectively. Readmission rates reported here were similar to
previous reports [7,12e14] with the majority due to medical causes,
in agreement with Trimba et al [8]. Although our sample included
elective procedures unrelated to the primary procedure as a
medically related cause, even after the exclusion of this group,
medical causes were still the primary reason for 90-day
readmissions.
Pain and swelling were the most common reasons overall for
ED-only visits following both THA and TKA, consistent with prior
studies evaluating 30-day [8,11] and 90-day [7] ED visits following
primary TJA. The frequency of these reasons in the postoperative
period is striking. Patients presenting with pain and swelling are
typically screened to rule out DVT. Looking at our TJRR data, 0 of the
104 (0.0%) THA and 2 of the 292 (0.7%) TKA patients presenting to
the ED for pain and swelling were later diagnosed with a DVT (data
not shown), illustrating the importance of establishing patient expectations, prevention, and proper triage by all personnel involved
in the care pathway.
Infectious related causes (deep infection and cellulitis) were the
most common reasons overall and the top surgical reasons for
readmission following THA. These ﬁndings are consistent with
prior studies investigating reasons for 30-day [8,15,16] and 90-day
[7,12] readmissions in TJA patients, underscoring the importance of
infection control measures.
Prior studies are conﬂicting regarding readmissions due to dislocations following THA. Vorhies et al [17] reported dislocations to
be infrequent, while Trimba et al [8] and Schairer et al [13] found
dislocations to be a leading reason for readmission. In our study
sample, dislocations were a leading surgical-related cause of
90-day, but not 30-day, readmissions for primary THA patients.
Similar to our ﬁndings regarding MUA, Schairer et al [18] found
arthroﬁbrosis to be the leading surgical cause of 90-day readmissions, although the study sample also included revision TKA.
Zmistowski et al [12] also reported stiffness to be the second
leading cause of 90-day readmission following TKA.
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Table 4
Primary Cause for ED-Only Visit and Readmission Following Primary TKA.
Primary Cause
ED visit
Total
Surgical
Pain related to the primary
Swelling
Constipation
Cellulitis
Hematoma drainage
Deep vein thrombosis
Serous drainage
Wound dehiscence
Dislocation
Manipulation under anesthesia
Pulmonary embolism
Deep infection
Other related to the primary
Medical
Gastrointestinal not including constipation
Other musculoskeletal complaints
Other medical unrelated to the primary
Cardiovascular
Genitourinary
Neurological
Pain unrelated to the primary
Pulmonary
Fever of unknown origin
Endocrine
Elective procedure unrelated to the primary
Readmission
Total
Surgical
Manipulation under anesthesia
Cellulitis
Deep infection
Pulmonary embolism
Hematoma drainage
Wound dehiscence
Other related to the primary
Serous drainage
Pain related to the primary
Swelling
Constipation
Deep vein thrombosis
Dislocation
Medical
Gastrointestinal not including constipation
Cardiovascular
Neurological
Elective procedure unrelated to the primary
Genitourinary
Pulmonary
Other musculoskeletal complaints
Other medical unrelated to the primary
Fever of unknown origin
Endocrine
Pain unrelated to the primary

0-90 D, n (%)

0-30 D, n (%)

931 (100.0)

667 (100.0)

147
145
58
24
11
7
7
2
0
0
0
0
0

(15.8)
(15.6)
(6.2)
(2.6)
(1.2)
(0.8)
(0.8)
(0.2)
(0.0)
(0.0)
(0.0)
(0.0)
(0.0)

116
135
52
19
10
6
6
1
0
0
0
0
0

(17.4)
(20.2)
(7.8)
(2.8)
(1.5)
(0.9)
(0.9)
(0.1)
(0.0)
(0.0)
(0.0)
(0.0)
(0.0)

114
85
74
58
56
46
43
38
13
3
0

(12.2)
(9.1)
(7.9)
(6.2)
(6.0)
(4.9)
(4.6)
(4.1)
(1.4)
(0.3)
(0.0)

62
33
49
39
34
30
35
27
12
1
0

(9.3)
(4.9)
(7.3)
(5.8)
(5.1)
(4.5)
(5.2)
(4.0)
(1.8)
(0.1)
(0.0)

277 (100.0)

123 (100.0)

26
23
18
14
5
5
3
3
1
1
0
0
0

(9.4)
(8.3)
(6.5)
(5.1)
(1.8)
(1.8)
(1.1)
(1.1)
(0.4)
(0.4)
(0.0)
(0.0)
(0.0)

0
22
8
10
5
3
1
2
1
1
0
0
0

(0.0)
(17.9)
(6.5)
(8.1)
(4.1)
(2.4)
(0.8)
(1.6)
(0.8)
(0.8)
(0.0)
(0.0)
(0.0)

53
23
22
21
20
16
11
7
4
1
0

(19.1)
(8.3)
(7.9)
(7.6)
(7.2)
(5.8)
(4.0)
(2.5)
(1.4)
(0.4)
(0.0)

20
11
8
1
11
5
4
5
4
1
0

(16.3)
(8.9)
(6.5)
(0.8)
(8.9)
(4.1)
(3.3)
(4.1)
(3.3)
(0.8)
(0.0)

Stratiﬁed by surgical or medical-related causes then ordered from most to least
frequently occurring during the ﬁrst 90 d postoperatively.

Jordan et al [19] showed targeted interventions can have a
dramatic effect in reducing readmission after TJA. With an interest
in addressing preventable reasons of unplanned events, we have
instituted a number of changes to the care protocols within our
integrated healthcare system. Preoperatively, patient screening and
optimization protocols were updated and patient education materials now include detailed instructions on prevention and home
treatment of swelling, pain, and constipation. Patient-speciﬁc pain
medication protocols were adopted, with the goal of using the
minimal amount of narcotic medication for the shortest amount of
time possible. Intraoperatively, anesthesia protocols were revised

to now routinely use spinal and regional using nerve blocks. The
pharmacy added an improved local pain cocktail to our formulary
and Foley catheters are used more sparingly. Postoperatively,
physical therapy makes ﬁrst contact with patients in the recovery
room. Expanded home care teams allow earlier and more frequent
patient contacts after discharge. In addition, a proactive nursing
follow-up phone call now occurs within the ﬁrst 2 days after
discharge to reinforce discharge instructions and provide answers
to common postoperative questions. Our nursing call centers in the
healthcare system were given more speciﬁc instructions and triage
algorithms. Future studies will seek to evaluate the effectiveness of
these efforts.
This study has several limitations. First, this study is descriptive
in nature, lacking a comparison group to evaluate factors such as
LOS, discharge disposition, inpatient vs outpatient surgery, or patient risk factors as variables and risk for ED visits and readmissions. Second, we did not include urgent care or other medical
provider visits; this report focuses only on understanding reasons
for ED-only visits and readmissions. The EHR captures all ED visits
and readmissions to any hospital within our integrated healthcare
system; ED visits to outside hospitals are not captured. However,
we expect the frequency of this occurring to be low since most
patients return to facilities within our integrated healthcare system. Finally, ED-only visits for cellulitis were difﬁcult to conﬁrm
retrospectively; there is potential for misclassiﬁcation of actual
superﬁcial infection vs simple redness.
Study strengths include stratiﬁcation by medical and surgical
causes, as well as 30-day and 90-day reasons to comprehensively
understand the full postoperative window under BPCI. Furthermore, all ED visits and readmissions were comprehensively chart
reviewed by an experienced orthopedic surgeon to discern the
most accurate reason for the patient contact. In this manner, we
were able to increase the accuracy of the diagnosis, as compared to
prior studies relying only on International Classiﬁcations of Disease,
9th Revision, Clinical Modiﬁcation codes. Total joint patients at the
3 participating medical centers shared similar preoperative, intraoperative, and postoperative protocols, which were thought to be a
representative sample of what would be commonly found in the
general TJA population of the US. Patients are typically discharged
to home and followed by home health services for the ﬁrst 2-3
weeks after discharge, with the ﬁrst follow-up visit to the operating
surgeon in the third week.
Conclusions
Total joint surgeons and the hospitals in which these procedures
are performed are tasked with maintaining a high quality of care
while keeping a keen focus on cost containment. Reimbursement
models under the BPCI make this effort even more imperative.
Postoperative care events negatively affect both quality and cost
metrics, and understanding the reasons for these events will help
to guide efforts to prevent them. This study identiﬁed the reasons
for ED visits and readmissions in the 90-day period after primary
elective TJA in an integrated healthcare setting over a 3-year period
at 3 total joint centers. Since then, changes to our care protocols
have been made and the effects of these changes will be evaluated
in future studies.
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ABSTRACT

ARTICLE HISTORY

Title: Development of a reference chart to monitor postoperative swelling following total knee arthroplasty.
Purpose: Lower extremity swelling is a feature of total knee arthroplasty. Until recently, clinicians lacked
tools to accurately measure swelling in clinical settings, but bioelectrical impedance assessment has
shown promise in this regard. The purpose of this study was to develop a reference chart of lower
extremity swelling following total knee arthroplasty.
Method: Fifty-six participants (54% male, mean age ¼ 64 years) were followed for the first 7 weeks following total knee arthroplasty, during which frequent lower extremity bioelectrical impedance assessments
were performed. Using Generalized Additive Models for Location Scale and Shape, a reference chart for
swelling was developed with bioelectrical impedance assessment data from the first 40 patients enrolled
in the study (223 observations) and preliminarily tested for performance in the remaining 16 patients’
data (96 observations).
Results: The reference chart illustrates approximately 10% per day increase for the first 3 days following
surgery. Peak swelling occurs 6–8 days following surgery; the 10th percentile demonstrates a peak of
25%, whereas the 90th percentile peaks at 47%. In the test data, this reference chart demonstrated accurate coverage at each estimated centile.
Conclusion: The reference chart provides a novel framework for monitoring swelling following total knee
arthroplasty and may augment clinical decisions to improve postoperative swelling management.
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ä IMPLICATIONS FOR REHABILITATION

 The use of bioelectrical impedance assessment provides an accurate and easily implemented
approach for rehabilitation professionals to measure swelling.
 The reference chart provided allows for monitoring of patient recovery of swelling following total
knee arthroplasty.
 Precise depictions of where a patient’s swelling is in reference to others will improve clinical decision
making at the individual level.

Introduction
Total knee arthroplasty is the most common inpatient elective
surgery, at over 700,000 procedures per year in the United States
[1]. Although it is widely regarded as effective at reducing pain
and improving quality of life in patients with end-stage knee
osteoarthritis [2,3], total knee arthroplasty results in an immediate
and profound loss of knee extensor strength [4–6]. This early
postoperative strength loss is driven by a deficit in voluntary activation [5–7], which limits rehabilitation potential and ultimately
exacerbates long-term weakness [8], predisposing patients to
reduced physical functioning relative to their healthy peers [9].
Lower extremity swelling likely contributes to postoperative weakness through altered neuromuscular excitability and inhibition of
voluntary activation of the extensor mechanism [10–13]. Clinically,
the relationship between swelling and knee extensor strength has
been shown in people following total knee arthroplasty, indicating a need for improved approaches to managing swelling following the surgery [14,15].
CONTACT Andrew J. Kittelson
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To date, clinical assessment of lower extremity swelling after
total knee arthroplasty has been limited by the available measures. Circumferential measures are highly imprecise and influenced greatly by bandaging and dressings early after surgery, and
volumetric methods are difficult to perform and present a possible infection risk [16,17]. Recently, bioelectrical impedance
assessment has emerged as a safe, easy and accurate method by
which to assess lower extremity swelling [18]. Moreover, swelling
measured using bioelectrical impedance assessment has demonstrated relationships with poor physical functioning and reduced
strength following total knee arthroplasty [15]. Therefore, bioelectrical impedance assessment holds promise as a clinical tool for
monitoring postoperative swelling, to assist patients and providers
in limiting the swelling response and maximizing the potential for
strength and functional recovery.
The purpose of this study was to develop and preliminarily validate a reference chart for lower extremity bioelectrical impedance assessment, following total knee arthroplasty, to provide an
intuitive framework for clinical monitoring of postoperative
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Figure 1. Instructions and set-up example for using bioelectrical impedance assessment in the measurement of swelling.

swelling at the level of the individual patient. To be useful in
practice, individual-level bioelectrical impedance assessment values should have context; they should be examined relative to
what is expected, considering the magnitude and variability typically observed in bioelectrical impedance assessment over time. By
this approach, patients and providers can quickly garner whether
a patient’s lower extremity swelling appears relatively controlled
or not, and real-time adjustment of treatment plans may be possible (e.g., by varying the dose of lower extremity elevation or
limb compression, etc.) [19,20]. Thus, the overall goal of this study
was to produce a clinically implementable tool for monitoring
post-total knee arthroplasty swelling, to serve as a mechanism for
improving postoperative care and optimizing patient functioning.

Methods
Study design and participants
Data used in this analysis were collected as part of a longitudinal,
observational study conducted at the University of Colorado
Denver, Anschutz Medical Campus. Swelling measurements were
collected from 56 people undergoing surgery by one of three surgeons at the University of Colorado Hospital, both prior to surgery
and at seven different points over the first 7 weeks post-total
knee arthroplasty. The timing of assessments was pseudorandomized in an attempt to maximize coverage over the first 7 weeks
following surgery. This time frame was chosen to capture the
rapid postoperative increase and subsequent decrease that is typically observed with post-total knee arthroplasty swelling [21]. All
outcomes were collected by the same team of four researchers
trained in all testing methods, and data was stored in Research
Electronic Data Capture (REDCap), a secure web-based software
[22]. Patients enrolled in the study participated in routine postoperative physical therapy that did not include specific management
for swelling, other than instructions to elevate the surgical leg
when sitting or lying. Inclusion criteria for the study were as follows: undergoing a primary, unilateral total knee arthroplasty for
osteoarthritis and aged between 50 and 90 y/o. Exclusions
included neurological conditions or unstable orthopedic

conditions limiting participation, history of orthopedic surgery or
trauma within one year of study enrollment, or diagnosis of a
condition known to result in lower extremity edema. All study
procedures were approved by the Colorado Multiple Institution
Review Board (COMIRB #15-1419).
Procedures
Lower extremity swelling was measured using bioelectrical impedance assessment. This approach has been validated for the measurement of swelling in patients with upper extremity
lymphedema [16] and in patients following total knee arthroplasty
[18,21,23]. All measurements were taken using an RJL systems
Quantum II body composition analyzer# (Clinton Township, MI)
and recorded in Ohms. Two electrodes were placed over the
second ray on the dorsum of the foot separated by 10 cm and
two were placed on the thigh, 10 and 20 cm proximal to the
superior pole of the patella (Figure 1). Swelling values are presented as percentage difference in the involved limb to the uninvolved limb using the formula: (1-(involved bioelectrical
impedance assessment/uninvolved bioelectrical impedance assessment))100. By normalizing to the uninvolved limb, bioelectrical
impedance assessments accounted for differences in body composition between subjects, allowing for the accurate measurement
of changes in fluid status between the limbs [16].
Statistical analysis
To build and preliminarily validate the reference chart, the full
dataset was divided temporally (based on surgical date) into
development and test sets according to a 70%/30% split, as previously described [24]. This approach allowed us to build the reference chart with the first 40 participants (223 observations;
surgical dates: December 2015–December 2016) and test its performance with the remaining 16 participants (96 observations;
surgical dates: December 2016–May 2017). This provides a more
rigorous preliminary test performance of the chart than a random
sampling approach.
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Table 1. Descriptive variables for development and test data.
N (obs.)
Age (mean; SD)
Sex (% male)
BMI (mean; SD)
Pre-total knee arthroplasty swelling % (mean; SD)

Development
40 (223)
64.75;9.07
55%
32.5;5.5
1.01;7.93

Test
16 (96)
63.3;9.9
44%
30.0;5.2
<1;6.86

p value
–
0.52
0.1
0.08
0.82

T-test was used to compare proportions and chi-square was used to compare frequency counts (i.e.,
sex). Significance was set at p < 0.05

In the development set, the median, variance, skewness, and
kurtosis of bioelectrical impedance assessments were found to
vary over time following surgery. Therefore, we chose a modeling
approach that would accommodate a high level of flexibility in
these parameters. Generalized Additive Models for Location, Scale
and Shape (R statistical computing) [25] is commonly used for
such applications and is the recommended method for building
clinical reference charts such as the World Health Organization
(WHO) growth standards [26]. Within Generalized Additive Models
for Location Scale and Shape, a variety of distributional families
are available to enable the construction of increasingly flexible
models, and we chose to examine the performance of three
such families.
The normal distribution family modeled the median and variance of bioelectrical impedance assessments over time, the BoxCox Cole and Green distribution modeled the median, variance,
and skewness over time, and the Box-Cox Power Exponential distribution modeled the median, variance, skewness and kurtosis
over time [27]. The flexibility was adjusted by optimizing the
number of smoothing spline knots and power transformation of
time using the “find.hyper” function in the Generalized Additive
Models for Location Scale and Shape package. The overall model
fit was compared across these three distributional families using
the Schwarz Bayesian Criterion as a numerical guide and by
examining the accuracy of centile coverage (i.e., comparing the
percentage of realized observations captured below each of the
specified centiles). The performance of the best fitting model was
then examined in the test set data. The actual percentage of
observations below each of the specified centiles was compared
to the expected value using z-tests for proportions.

Results
Demographic information for the development and test sets are
provided in Table 1. A total of 217 people were screened for
enrollment in the study; 37 declined and 124 were excluded due
to neurological conditions (7), history of orthopedic surgery or
trauma within one year of study enrollment (35), or diagnosis of a
condition known to result in lower extremity edema (39), not
receiving total knee arthroplasty for osteoarthritis (5), and 38 did
not live in the area. No significant differences were seen in sex
frequency distributions, mean age and BMI, or mean levels of preoperative lower extremity bioelectrical impedance assessment values. A total of 319 bioelectrical impedance assessments were
performed over the first 52 days following surgery.
Reference chart development and test performance
Using the “find.hyper” function in Generalized Additive Models for
Location Scale and Shape, the number of smoothing spline knots
for each parameter was optimized (Table 2), and the power transformation of time was set at 0.01, reflecting a rapid increase in
swelling in the initial days following surgery. These characteristics
were then used to build three reference charts according to the

selected distributional families and the resultant Schwarz Bayesian
Criterion values and centile coverages were assessed (Table 2).
Each of the distributional families displayed similar and acceptable
coverage, although the normal distribution model was found to
have the lowest Schwarz Bayesian Criterion (Figure 2). This model
also appeared to be most parsimonious (with fewer overall
degrees of freedom). Thus, the reference chart constructed with
the normal distribution family was selected for preliminary test
performance in the test set, where it also demonstrated satisfactory performance; none of the specified centiles demonstrated
coverage significantly different from the expected proportions
(Figure 2).
Reference chart for lower extremity bioelectrical impedance
assessment following total knee arthroplasty
The clinical reference chart for post-total knee arthroplasty swelling is provided in Figure 3. The underlying model captures a
period of rapid increase and subsequent decrease in swelling,
across all centiles, occurring over approximately the first 15 days
post-total knee arthroplasty. This is followed by an attenuation in
the rate of decline of swelling from days 15–50 following surgery. At the later time-points (7 weeks), the 10th percentile indicates 10% swelling of the involved limb relative to the
uninvolved limb, while the 90th percentile indicates values
greater than 35% of the uninvolved limb. The reference chart provided in Figure 3 can be used to monitor individual patient swelling over the first 7 weeks following total knee arthroplasty.

Discussion
This study used a promising, clinically feasible method for measuring lower extremity swelling following total knee arthroplasty to
construct a reference chart for clinical use. Across all centiles of
the reference chart (10th, 25th, 50th, 75th, and 90th) a common
trajectory is observed; there is a period of rapid increase in swelling immediately following surgery 10% per day over the first
three days and the peak occurs at 6–8 days post-total knee
arthroplasty. There is substantial variability in peak swelling; the
10th centile peaked at 25% swelling, the estimated median
peaked at 35%, and the 90th centile peaked at 47%. Following
the peak, all centiles demonstrated a decrease in swelling over
the next 6 weeks. However, even at 50 days post-total knee
arthroplasty all centiles demonstrated swelling values higher than
the contralateral limb (10th centile =10% swelling). This finding
aligns with past literature, which has shown persistent swelling to
occur in a substantial proportion of patients following total knee
arthroplasty (18% of satisfied patients and 36% of unsatisfied
patients) [28]. Overall, this reference chart may be used to inform
assessments of patients’ lower extremity swelling status and to
augment clinical decisions regarding the postoperative management of swelling.
The centile reference chart presented here allows for visualization of the trajectory of lower extremity swelling and its variability
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Table 2. Schwarz Bayesian Criterion (SBC) and centile proportions for each of the tested distributions in
the development set.

NO
BCCG
BCPE

Model optimized parameters
df(mu) ¼ 3, df(sigma) ¼ 0, df(nu) ¼ 1, df(tau) ¼ 1
Model DF

SBC

10th

25th

50th

75th

90th

7
10
13

1700.41
1714.58
1724.65

9.87
10.31
9.42

26.46
27.35
25.11

50.67
50.22
52.02

74.89
75.34
75.78

87.44
88.79
88.34

Optimized model parameters are provided.
df(mu): number of degrees of freedom for the median parameter; df(sigma): number of degrees of freedom for the variance parameter; df(nu): number of degrees of freedom for the skewness parameter;
df(tau): number of degrees of freedom for the kurtosis parameter; NO: Normal Distribution; BCCG : Box
Cox Cole and Green; BCPE : Box-Cox Power Exponential

Figure 2. (A) Plots of NO, BCCG, and BCPE distributions on development data. (B) Final NO model displayed on test data with observed proportions of each centile
and p values. (Significance p < 0.05). NO: Normal distribution; BCCG: Box-Cox Cole and Green distribution; BCPE: Box-Cox Power Exponential.
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Figure 3. Reference chart of post-total knee arthroplasty swelling measured using bioelectrical impedance assessments over the first 50 post-operative days. Large
pane is trajectory over the first 15 days, insert is trajectory from weeks 2–7.
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following total knee arthroplasty, improving substantially on previous estimations of post-total knee arthroplasty swelling. It will
help to inform clinicians and patients about the expected recovery of swelling and help inform future investigations aimed at
managing the swelling at critical times during the postoperative period.
Until recently, the measurement of swelling following total
knee arthroplasty was primarily done using circumferential methods or other techniques [16,29,30]. These techniques either lack
the precision and reliability needed to develop useful trajectories
(i.e., circumferential measures), or they are not feasibly performed
in the clinic (i.e., water submersion) [16,29]. The introduction of
bioelectrical impedance assessment as a measure of post-total
knee arthroplasty swelling has provided a new and promising
approach that improves on older techniques [16,18,21]. However,
even with emerging evidence supporting the use of bioelectrical
impedance assessment as an effective swelling measure, to date,
no clinically useful trajectory of post-total knee arthroplasty swelling has been produced, and in most cases the best available evidence is mean and SD information available only at specified
points in time [14,31]. Thus, no information exists to inform the
expected recovery trajectory across all patients following total
knee arthroplasty. Pua [21] used bioelectrical impedance assessment to quantify swelling after total knee arthroplasty and demonstrated the average level of swelling for patients over the first
90 days following surgery. This estimate follows a similar trajectory to that produced in the current study, demonstrating similar
rapid increases in swelling early after surgery and slower declines
in the days and weeks following. It also supports the current finding that swelling remains beyond 7 weeks post-total knee arthroplasty. However, the plot of post-total knee arthroplasty swelling
provided by Pua only presents the sample mean and fails to provide information regarding the variability in the recovery of swelling. Thus, the expected trajectory of those patients with more or
less swelling cannot be interpreted. By plotting the centiles, the
current model provides information critical to determining how
an individual relates to the population and allows for interpretation of expected recovery across varying levels of swelling.
Swelling has been identified by patients as critical to successful
recovery and health care providers including, nurses, physicians,
and physical therapist are often consulted by patients regarding
the expected trajectory and duration of swelling [28,32–34].
Furthermore, lower extremity swelling is hypothesized to influence other critical elements of functional recovery and pain management following total knee arthroplasty [14,21,35]. Specifically,
past evidence has shown that swelling is related to worse
strength and slower walking speeds over the first 90 postoperative days [21]. Considering the impact swelling has on patients’
perceptions of recovery and its potential to delay recovery of
function, swelling emerges as an important target for intervention. The authors ascertain that an improved understanding of
the post-total knee arthroplasty swelling trajectory will benefit
clinical practice by helping with the placement of patient expectations, assisting in patient monitoring, and helping to identify targets for intervention in those patients presenting with
detrimental levels of swelling.
Consider two patients, each of which have recently undergone
total knee arthroplasty. Patient one is preparing to discharge from
the hospital and has asked the health care providers how quickly
the swelling will reach its peak, the maximum level it can be
expected to reach, and when to expect a noticeable reduction?
Patient two is four weeks out of surgery and participating in outpatient rehabilitation. Swelling has been a continual issue for this

patient and appears to be interfering with the recovery of function. Without a clinically useable depiction of the trajectory of
post-total knee arthroplasty swelling these patients and their providers are left with very little information.
The use of a reference chart to support monitoring of posttotal knee arthroplasty swelling by bioelectrical impedance assessment could lead to improvements in care. The use of a reference
chart would allow providers to easily convey information regarding prognosis and help to properly place patient expectations
alleviating the concerns of patient one. It also allows for the easy
visualization of a patient’s swelling values in relation to others
who have undergone the surgery. By simply plotting the swelling
values on the reference chart shared decision making can be
enhanced, allowing the patient and the provider to discuss swelling status and management strategies. This could assist in the
development of a treatment strategy for patient two as the
patient and the provider work together to develop an effective
treatment plan to address ongoing swelling issues and monitor
its progress over time.

Study limitations
This study has limitations. The small sample size may make the
estimation of the centiles on the periphery less precise (e.g., 10th
and 90th) and could limit the ability to detect differences in the
distributions. However, the outer centiles remain stable in this
approach because they are estimated along with the central ones.
The use of a much larger sample (say 10 times larger) may add
refinement to centile shape, which may have been lost with
smoothing. However, by testing the reference chart in a model
performance step further supports that by restricting the flexibility
in our model we do not experience large changes when applied
to new data. The time points selected for swelling measurement
only occurred over the first 7 weeks following surgery and do not
allow for interpretation at later time points. There are also postoperative periods in the dataset where coverage of swelling measurements over time is rather sparse. Especially in these regions,
generalizability to other datasets or populations of people undergoing total knee arthroplasty could be questioned. Thus, there
remains a need for prospective validation of this reference chart
in other datasets. However, the performance of the reference
chart in a test set of data (with later surgical dates) is reassuring,
and this preliminary test performance of the chart is a strength of
this study. It is worth noting that the use of reference charts in
monitoring child growth have not been validated in all populations, but are still used as an important clinical tool. Determining
how these can be implemented in various populations and how
they perform clinically becomes an implementation science question, which may be a fruitful area of future research.

Conclusion
This study describes the development and test performance of a
reference chart for lower extremity swelling following total knee
arthroplasty using generalized additive models for location scale
and shape. A variety of models were examined, but ultimately a
relatively simple model was found to have the best statistical fit
and also performed well in out-of-sample test performance of the
chart. The reference chart and the instructions for measuring
swelling with bioelectrical impedance assessment, provided here,
will contribute to the management of swelling and will assist in
patient monitoring and placement of expectations.
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a b s t r a c t
Background: The relationships between swelling after total knee arthroplasty (TKA) and quadriceps strength and functional performance are poorly understood.
Therefore, the aim of this study was to examine the relationships between lower extremity
swelling, measured using bioelectrical impedance assessment (SF-BIA), and quadriceps
strength and timed up and go (TUG) times following TKA.
Methods: 53 participants (64 ± 9.5 y/o, 43% male) undergoing primary unilateral TKA were recruited for the longitudinal observational study with repeated measures.
Quantities of swelling were examined for contribution to two and six-week outcomes of
strength and TUG time using hierarchical regression controlling for age, sex, and the baseline
value of the dependent variable. Swelling was assessed using bioelectrical impedance assessment and quantiﬁed as the peak level of swelling and cumulative swelling (integral) over
the post-TKA time window. Maximum isometric quadriceps strength (MVIC) was measured
using a electromechanical dynamometer and participant functional performance measured
using the TUG.
Results: Neither peak swelling nor cumulative swelling signiﬁcantly contributed to the variance
of two-week quadriceps strength. At six weeks, peak swelling signiﬁcantly improved the variance in maximal quadriceps strength by an additional four percent (p = 0.05), while cumulative swelling did not signiﬁcantly contribute. Peak swelling signiﬁcantly contributed to the
variance in two-week (16%) and six-week (ﬁve percent) TUG times (p b 0.05), but the cumulative swelling did not.
Conclusions: Peak swelling represents a value of post-TKA swelling that is associated with
strength and function. Reducing the peak level of swelling, occurring early after surgery, may
improve patient functional recovery.
Level of evidence: Level II — Prospective observational study.
© 2019 Elsevier B.V. All rights reserved.
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1. Introduction
Limiting functional decline following total knee arthroplasty (TKA) is a high priority for patients and clinicians. Functional decline following surgery is common and includes, but is not limited to, decreased walking speed [1], difﬁculty rising from a chair
[2,3], and reduced stair climbing ability [4,5]. Poor performance on more difﬁcult activities has also been reported in patients
many years after surgery [6,7]. Functional limitations following surgery are often attributed to the signiﬁcant decline in quadriceps
muscle strength following surgery [8–10]. Thus, increasing quadriceps strength and improving functional mobility remain a focal
point of most post-TKA rehabilitation. As a result, research aimed at improving post-TKA outcomes has focused on identifying
causes of quadriceps strength loss and decline in functional performance [10–15].
One hypothesized mechanism contributing to quadriceps strength loss and decline in functional performance following TKA is
lower extremity swelling [7,13,16]. Swelling occurs substantially in and around the knee joint capsule in the majority of patients
following TKA. The presence of swelling after TKA is thought to reduce muscle strength by decreasing voluntary muscle activation
through a process referred to as arthrogenic muscle inhibition (AMI) [7,13,17]. Arthrogenic muscle inhibition results when sensory afferent signaling increases the inﬂuence of inhibitory interneurons on motor neuron excitability [13]. The relationship between swelling and AMI of the quadriceps has been shown to occur acutely with artiﬁcially-induced effusion of the knee
[7,18]. These studies provide the theoretical framework for the investigation of the relation between swelling and motor function
following TKA.
While there is growing evidence to support the hypothesis that swelling may be a contributor to post-TKA quadriceps strength
loss [19,20], there remains a need to further explore this relationship. This can be explored by analyzing how changes in swelling
after TKA relate to quadriceps muscle strength at different points in the recovery process and by examining different measures of
swelling. Furthermore, the relationship between swelling and functional performance remains poorly understood. Swelling may
result in decreased functional performance by contributing to strength loss in muscles throughout the lower extremity or by causing other impairments that inﬂuence functional performance, such as knee range of motion. Thus, the relationship between swelling and functional performance should be examined independent of quadriceps strength.
The purpose of this study was to determine the relationship between swelling and strength and functional performance after
TKA. We hypothesized that swelling will be signiﬁcantly related to quadriceps strength and patient performance on the timed up
and go (TUG) test at two and six weeks following surgery. Identiﬁcation of these relationships will help inform clinicians and researchers as they design interventions to target swelling with the intent of improving patient functional performance.
2. Methods
2.1. Participants
Data used in this analysis were collected as part of a longitudinal observational study examining post-TKA swelling and quadriceps strength, consisting of 53 participants consecutively recruited from three different orthopedic surgeons between December
2015 and April 2017. Data were collected at baseline (pre-TKA) and days zero, one, two, four, seven, two weeks, and six weeks
(post-TKA). Inclusion criteria for the study included: undergoing a primary, unilateral TKA for osteoarthritis and ages 50 to 90 y/o.
Exclusion criteria included: neurological conditions or unstable orthopedic conditions that limited function, history of orthopedic
surgery or trauma within one year of study enrollment, or diagnosis of a condition known to result in lower extremity edema
(i.e., heart failure and primary or secondary lymphedema). Informed consent was obtained from all participants. This study
was approved by the Colorado Multiple Institutional Review Board (COMIRB #15-1419).
2.2. Outcomes assessments
2.2.1. Swelling
Lower extremity swelling was assessed using Bioelectrical Impedance Assessment (BIA). This approach has been validated for
the measurement of swelling in patients with upper extremity lymphedema [21] and in patients following TKA [22,23]. All measurements were taken using an RJL systems Quantum II body composition analyzer© (Clinton Township, MI) and recorded in
Ohms. Two electrodes were placed over the second ray on the dorsum of the foot separated by 10 cm and two were placed
on the thigh, 10 and 20 cm proximal to the superior pole of the patella, a similar method for measuring swelling with bioelectrical
impedance spectrometry has been previously used [24]. Swelling values are recorded as a percentage difference in the involved
limb to the uninvolved limb using the formula:
BIAratio ¼ ð1−ðinvolved BIA=uninvolved BIAÞÞ  100
By normalizing the uninvolved limb, the BIAratio controls for differences in body composition (i.e., BMI) between subjects and
accurately measures changes in swelling between the limbs [21].
Utilizing the BIAratio, two different quantities of the swelling response were calculated: peak level of swelling and the cumulative swelling (integral) over time. Peak swelling is represented by the maximum value in involved limb swelling recorded at any
of the post-TKA assessments. This value was chosen, as the authors hypothesize that the peak level may represent the time when
swelling is likely to be the most damaging to the neuromuscular system. Cumulative swelling was calculated using the “sintegral”
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function in the Bolstad2 package in R (Bolstad2 1.0) [25]. This function calculates the trapezoidal area under the curve. Two integral values were calculated, one for the ﬁrst two weeks and a second for the full six-week post-TKA period. Because swelling
values were not always collected at exactly 14 and 42 days following surgery, signiﬁcant variation in the integral of the swelling
measures was possible. Therefore, when examining integral swelling values in the regression models time since surgery was controlled for. When examining the univariate correlations, swelling assessments occurring at 14 ± 2 days were used for the twoweek swelling value, while assessments occurring at 42 ± 2 days were used for the six-week swelling value. For those twoweek and six-week assessments that occurred beyond the accepted window, imputation was performed to estimate a swelling
at day 14 or 42. This was done by assuming a linear relationship between the preceding and following swelling values and calculating the point corresponding with either the 14th or 42nd post-TKA day. If swelling values were not collected within or beyond the 14th and 42nd day, imputation could not be performed and those patient records were not used in the correlations.
Cumulative swelling was chosen to represent the total amount of swelling experienced over the two windows of time (days
0–14 & 0–42). Examples of cumulative swelling (integrals) are provided in Figure 1.

Figure 1. Examples of the calculation of A) Early cumulative swelling (integral of ~14 days) and B) full cumulative swelling (integral of ~42 days) using trapezoidal
integration.
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2.2.2. Quadriceps strength assessment
Quadriceps strength was measured as a maximum voluntary isometric contraction (MVIC) and recorded in Newton-meters
(N-m) using an electromechanical dynamometer (Humac Norm) with the participant seated upright and positioned in 90 degrees
of hip ﬂexion and 60° of knee ﬂexion. Each participant performed two warm up trials followed by maximal contractions as previously described [1]. If the force values produced in the ﬁrst two maximal attempts were not within ﬁve percent of one another,
additional trials were performed until two trials were within ﬁve percent of each other and the highest value of the two was used
for analysis.
2.2.3. TUG test assessment
The TUG is a timed test of the patient ability to rise from an arm chair (seat height of 46 cm), walk three meters, turn, and
return to sitting in the same chair without physical assistance [26]. TUG is a valid and reliable measure, and decreased performance on the TUG has been shown to correlate with increased risk of falls and higher rates of mortality in elderly patients
[26]. This test has excellent inter-rater (Intraclass Correlation Coefﬁcient (ICC) = 0.99) and intra-rater (ICC = 0.99) reliability,
as measured in a group of older adults (mean age 80 years) [27]. In our study, participants performed the TUG test twice during
each assessment, and the average of the two trials was used for analysis.
Assessments of swelling, strength, and TUG time were performed during the same sessions at each time point and were always performed in the same order, beginning with BIA measures of swelling, followed by the TUG test, and concluding with
quadriceps strength assessments.
2.3. Calculation
General relationships between the peak and cumulative levels of swelling and the dependent variables of interest were
established using Pearson product correlations at two and six weeks following surgery [28].
To estimate the effect of swelling on post-operative quadriceps strength and TUG time, hierarchical regression modeling was
used. Hierarchical model building was chosen because it allows for determination of the individual contribution of the independent variable of interest to the variance in the dependent variable when controlling for other important covariates [29,30]. Step
one consisted of modeling known covariates of interest (i.e., sex and age), and in the case of the swelling integral, time since surgery, on the dependent variable. In step two, pre-TKA values for the dependent variables were added to the model. In step three,
the swelling value of interest is added to the model. In steps two and three, the coefﬁcients and 95% Conﬁdence Interval (CI) as
well as the standardized coefﬁcients were calculated for the independent variables of interest. Standardized coefﬁcients were used
to allow for easy assessment of the model contribution for each independent variable. In total, eight models were examined, one
for each dependent variable regressed on each of the swelling values, at two and six weeks. Model ﬁt was tested by examining
the change in adjusted r-squared, the F-statistic, and level of model signiﬁcance at each step. Model signiﬁcance was deﬁned
as a p-value ≤0.05. The contribution of the independent variable to the model was examined using the variable p-value, parameter estimate, standardized coefﬁcient, and the contribution to the adjusted r-squared.
3. Results
Patient characteristics as well as baseline swelling, strength, and TUG times are included in Table 1. Imputation was performed
to calculate swelling values seven times and four participants did not have sufﬁcient data for assessment of swelling, therefore, 49
participants were available for analysis. Additionally, from the 49 participants with usable swelling data two participants were unwilling to perform the TUG or strength testing at two weeks and at six weeks TUG and strength data were missing for ﬁve participants. Data missing at six weeks was a result of multiple factors including participants unable to perform the testing, testing
equipment failure, and time restraints. This missing data was less than ﬁve percent of the useable data at two weeks and ~10% at
six weeks.
3.1. Correlation between swelling, strength, and function
Pearson correlation coefﬁcients, shown in Table 2, demonstrate that the peak swelling signiﬁcantly correlated with quadriceps
strength at two and six weeks, whereas cumulative swelling was only related to six-week strength. Peak swelling was signiﬁcantly related to two-week TUG time, but had a weaker correlation at six weeks. Cumulative swelling was not correlated with
TUG time at two or six weeks.
3.2. Hierarchical modeling of quadriceps strength
Table 3 presents the results of the hierarchical regression modeling for the outcome of two and six week quadriceps strength.
When added as step three of the hierarchical regression, neither peak swelling or cumulative swelling were found to signiﬁcantly
contribute to the variance in the outcome of quadriceps strength at two weeks (p = 0.22 and p = 0.98, respectively)(Table 3). At
six weeks, both full models were found to be signiﬁcant, but the majority of the model variance was explained by pre-TKA
strength. However, with the addition of peak swelling a signiﬁcant contribution of an additional four percent of the variance
was explained (p = 0.05), while cumulative swelling failed to reach signiﬁcance at six weeks (p = 0.47).
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Table 1
Demographic and baseline information for study participants.
Age mean (SD)
Sex (% female)
BMI mean (SD)
Pre-TKA swelling % mean (SD)
Pre-TKA strength (N-m) mean (SD)
Involved
Uninvolved
TUG time (s) mean (SD)
Comorbidity, frequency (%)
HBP
Diabetes
Cancer
RA

64.2 (9.5)
57%
31.9 (5.4)
1.7 (6.8)
105.7 (55.8)
125.2 (54.3)
10.1 (2.8)
29/53 (55%)
7/53 (13%)
4/53 (8%)
0/53 (0%)

BMI — Body mass index.
TUG — Timed up and go test.
HBP — High blood pressure.
RA — Rheumatoid arthritis.

3.3. Hierarchical modeling of TUG time
Table 4 presents the results of the hierarchical regression modeling for the outcome of two and six-week TUG time. Peak
swelling was found to explain a signiﬁcant portion of the variance in two-week TUG time (p = 0.003) (Figure 2). At the sixweek time point, peak swelling signiﬁcantly contributed to the variance in TUG time (p = 0.04) (Figure 2). The standardized
beta coefﬁcient for peak swelling was greater than pre-TKA TUG time at two weeks (0.45 vs 0.05), while at six weeks, the standardized beta coefﬁcient for peak swelling was nearly equal to that of pre-TKA TUG time (0.27 vs 0.28). Cumulative swelling did
not signiﬁcantly contribute to two-week (p = 0.14) or six-week (p = 0.47) TUG time.
4. Discussion
This study was designed to examine the relationships between swelling following TKA, quadriceps strength, and functional
performance. It was hypothesized that higher peak levels of swelling and greater cumulative swelling over time (integral)
would be associated with lower quadriceps strength and slower TUG times. At both two and six weeks following surgery, peak
swelling was found to signiﬁcantly contribute to the variance in TUG time. Similarly, peak swelling signiﬁcantly contributed to
the variance in six-week quadriceps strength. Interestingly, cumulative swelling did not signiﬁcantly contribute to the variance
in two or six-week TUG time or quadriceps strength. The strength of the relationships between peak swelling and TUG time is
compelling, especially at two weeks following surgery when peak swelling was a stronger predictor of functional performance
than pre-TKA TUG time. While this full model only explained 20% of the variance in TUG time, 16% of the variance was explained
by peak swelling, demonstrating the relative impact swelling has on functional recovery after TKA.
These ﬁndings add depth to our understanding of the swelling response after TKA by examining two different measurements
of post-operative swelling. This quantitative information helps evaluate the relationship between swelling and quadriceps
strength loss and examining the association of swelling to functional performance is critical to understanding the widespread impact swelling has on recovery from TKA.
The two swelling measures, peak swelling and cumulative swelling, were chosen based on physiologic rationale for inﬂuencing
strength. Peak swelling represents the maximum level of recorded swelling for each participant. This value was chosen based on
past literature showing continual decreases in knee extensor torque with increasing levels of knee joint effusion [31]. While the
current study did not simultaneously test strength at the time of peak swelling, reductions in voluntary activation when swelling
is at its highest could reduce the ability to beneﬁt from strengthening activities. This is a result of an inability to achieve physiologic muscle overload with AMI, which could contribute to quadriceps disuse. Disuse is likely to contribute to both immediate

Table 2
Pearson correlation coefﬁcients (95% CI) between swelling variables and strength outcomes.
Maximal strength

p-Value

TUG time

p-Value

2 weeks (N = 49)
Peak swelling (%)
Cumulative swelling (integral)

r = −0.32 (−0.56, −0.04)
r = −0.18 (−0.44, 0.13)

0.02⁎
0.23

0.43 (0.16, 0.65)
0.26 (−0.04, 0.51)

0.003⁎
0.08

6 weeks (N = 48)
Peak swelling (%)
Cumulative swelling (integral)

r = −0.45 (−0.65, −0.17)
r = −0.33 (−0.57,-0.04)

0.002⁎
0.03⁎

0.25 (−0.04, 0.51)
0.23 (−0.07, 0.49)

0.09
0.12

TUG — Timed up and go test.
⁎ Signiﬁcant at p b 0.05.
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Table 3
Hierarchical model building examining swelling measures and outcome of knee extensor strength.
Dependent variable Independent variables

Added Variable Statistics

Model Statistics

Estimate (95% CI) Standardized Coefﬁcient p-Value Adj. R2 F-statistic df
Strength
(2 weeks)
Step 1
Step 2
Step 3

Strength
(6 weeks)
Step 1
Step 2
Step 3

Age + sex
Age + sex + baseline strength
Age + sex + baseline
strength + peak
Age + sex + baseline strength + time
since surgery + cumulative

Age + sex
Age + sex + baseline strength
Age + sex + baseline
strength + peak
Age + sex + baseline strength + time
since surgery + cumulative

–
0.15
(0.006,0.29)
−0.50
(−1.31 0.34)
−0.004
(−0.10 0.09)

–
0.38
(0.16, 0.60)
−1.17
(−2.37, 0.02)
−0.008
(−0.04, 0.02)

p-Value

0.4

–
0.04

0.03
0.1

1.66
2.65

2, 45
3, 44

0.2
0.06

−0.2

0.22

0.11

2.40

4, 43

0.06

−0.01

0.98

0.09

2.01

5, 42

0.09

0.54

–
0.001

0.37
0.5

13.88
15.83

2, 42 b0.0001⁎
3, 41 b0.0001⁎

−0.24

0.05

0.54

13.71

4, 40 b0.0001⁎

−0.09

0.47

0.48

9.98

5, 39 b0.0001⁎

⁎ Signiﬁcant at p b 0.05; df — degrees of freedom; Adj. R2 — Adjusted r-squared.

and longer-term strength loss. Peak swelling might also reﬂect the magnitude of swelling at which muscle ﬁbers experience damage. High levels of swelling have been shown to cause alterations in muscle cell water volume and internal pressure. These
changes have been associated with strength loss in people following extreme endurance exercise [32]. The swelling integral
was chosen as a measure of the cumulative swelling over time. The authors hypothesized that prolonged exposure to elevated
levels of swelling may represent an abnormal or unhealthy response and may contribute to difﬁculty with recovery of strength
and function. However, the lack of signiﬁcant relationships between cumulative swelling and the outcomes of interest may be
a result of the body's ability to accommodate to prolonged periods of elevated swelling. Unfortunately, prior lab based studies
have only examined the acute inﬂuence of swelling and the impact of prolonged swelling is not yet understood.
The role of swelling in strength loss is supported by studies such as Palmeri-Smith et al. 2007 [16] and others [18,33], which
demonstrated that the injection of saline into the knee results in signiﬁcant AMI. These studies have shown that effusion in the
knee joint capsule causes increased signaling from group II mechanoreceptors and, in large part, from group III and IV afferent
ﬁbers, which become sensitive to mechanical stimulation in the presence of swelling [34,35]. As afferent signaling increases
from each of these ﬁber types, AMI occurs and a decline in muscle activation is observed [13,35–38]. Furthermore, studies have
directly shown a reduction in quadriceps strength in the presence of artiﬁcial knee joint effusion [39–41]. In an attempt to link
swelling to muscle activation in patients following TKA a couple studies have examined the inﬂuence swelling has on strength
in this patient population [19,20]. Pua et al. 2015 [20] used methods similar to those used in the current study to examine the
Table 4
Hierarchical model building examining swelling measures and outcome of TUG time.
Dependent variable Independent variables

Added variable statistics

Model statistics

Estimate (95% CI) Standardized Coefﬁcient p-value Adj. R2 F-statistic df
TUG time
(2 weeks)
Step 1
Step 2

Age + sex
Age + sex + baseline TUG time

Step 3

Age + sex + baseline TUG + Peak
Age + sex + baseline TUG + time
since surgery + cumulative

TUG time (6 weeks)
Step 1
Age + sex
Step 2
Age + sex + baseline TUG
Step 3

Age + sex + baseline TUG time + Peak
Age + sex + baseline TUG + time
since surgery + cumulative

⁎ Signiﬁcant at p b 0.05; TUG — timed up and go test.

–
0.07
(−0.4,0.5)
0.23
(0.07,0.40)
0.01
(−0.005,0.03)
–
0.2
(0.02,0.39)
0.07
(0.002,0.14)
0.002
(−0.006,0.02)

p-value

–
0.05

–
0.7

0.07
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Figure 2. Relationship between peak swelling and A) two-week TUG time and B) six-week TUG time from the linear model when controlling for baseline TUG
time, age, and sex.

relationship between swelling after TKA and quadriceps strength. In this study, swelling over the ﬁrst 90 days after TKA, measured
using BIA, was found to be signiﬁcantly related to quadriceps strength over the same 90 days. Speciﬁcally, differences between
those participants in the highest percentile of swelling and those in the lowest over the entire 90 days, when controlling for
age, sex, pre-TKA strength, and pain, were found.
Findings from the current study echo those shown by Pua, but add further insight into the relation of swelling after TKA and
quadriceps strength, speciﬁcally, by examining swelling levels as the peak acute level of swelling and the cumulative level of
swelling. When added to the model, peak swelling reached signiﬁcance (p = 0.05), demonstrating the incremental decline in
six-week strength that occurs with increasing levels in peak swelling. Furthermore, in the previous work a dichotomy of the people with the highest and lowest levels of swelling was used. In this study swelling differences were viewed continuously allowing
us to provide estimates of the affect incremental increases in peak swelling have on strength. Speciﬁcally, for each percentage
point increase in peak swelling, a reduction of nearly 0.25 N-m in six-week strength occurred when controlling for age, sex,
and pre-TKA quadriceps strength. Additionally, the standardized beta coefﬁcient for peak swelling is of clinical consideration, as
it is nearly half the magnitude of that of pre-TKA quadriceps strength (−0.27 vs. 0.54), suggesting that swelling contributes to
post-TKA quadriceps strength loss in a clinically meaningful way. However, the authors note the need to be cautious in the interpretation of the standardized coefﬁcient, with the positive skew in quadriceps strength this result has potential for over estimation. These ﬁndings add to the ﬁndings by Pua, demonstrating the individual contribution of peak swelling to the variance in
quadriceps strength, above that explained by pre-operative strength, which is known to be the strongest predictor of post-TKA
strength [9]. Reducing peak swelling may also be more clinically feasible than attempting to reduce mean swelling over the
ﬁrst 90 post-TKA days, as was the measure of swelling used by Pua.
Perhaps the most compelling ﬁnding from the current study was the strong contributions peak swelling made to TUG times at
two and six weeks. Particularly, the ﬁnding that peak swelling was a signiﬁcant predictor of two-week TUG performance, while
pre-TKA TUG time was not. The TUG is a commonly used performance measure for determining patient's mobility status after TKA
[42], and it is strongly correlated with patient independence [26]. It is also known to correlate with quadriceps strength following
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TKA [8]. Despite a weaker relation between swelling and strength, a strong relation between swelling and TUG time supports the
hypothesis that swelling is associated with recovery beyond reducing maximal quadriceps strength.
Swelling may result in strength declines in different muscles aside from the quadriceps that are also critical to performancebased outcomes. Declines in muscle strength of the plantar ﬂexors, hip extensors, and hip abductors could be inﬂuenced by swelling occurring throughout the limb and detected by BIA. Each of these muscle groups contributes to functional mobility and is
likely to contribute to TUG test performance [43–45]. The plantar ﬂexor muscles have been found to experience signiﬁcant
strength loss following TKA [46], which is likely driven by decreased activation or disuse. The inﬂuence activation plays in plantar
ﬂexor strength has been demonstrated in patients after immobilization from ankle fracture [47,48]. Therefore, the signiﬁcant declines in plantar ﬂexor strength, observed following TKA, could be associated with declines in activation caused by swelling in different lower extremity compartments (e.g., calf and ankle). Swelling in and around the plantar ﬂexor muscles has also been
shown to result in ﬁber swelling and decreased force producing ability [32]. In a similar way, swelling throughout the lower extremity could contribute to the decline in strength of hip extensors and abductors, shown to occur following TKA and known to
contribute to functional performance [45,49,50]. While evidence exists to support strength loss throughout the lower extremity
following TKA [46], linking this loss to swelling will require investigations of these muscle, but will beneﬁt from measuring swelling using BIA, which captures swelling throughout the entire limb.
Secondary hypotheses are that swelling impairs the quadriceps muscles by reducing submaximal force steadiness [51], rate of
torque development, [52] and/or eccentric control [53], all of which may be impacted following surgery and may impair functional performance. Swelling may also alter functional recovery by contributing to factors such as limited joint mobility [8], decreased proprioception [54], or increased pain [55]. Speciﬁcally, early after surgery decreased ROM has been shown to correlate
with slower TUG times [8]. Future work should examine these relationships and test whether they may mediate or moderate
the relationship between swelling and functional performance.
This study has limitations that require further examination. The time points for strength assessment were chosen because the
authors believed they would provide both an early and later assessment of strength outcomes and would capture swelling when
it was greatest and most likely to contribute to strength loss. However, the lack of strong relationships between swelling and
strength may be partially explained by the chosen time points that also did not account for time of day of swelling assessment.
Two weeks following surgery patients are likely to be inﬂuenced by a number of factors that can lead to decreased strength or an
inability to accurately perform strength assessments. These factors include pain, fatigue, stiffness, and fear of movement. Unfortunately, this study was not designed to examine all of these factors. Additionally, by using the linear interpolation method for calculating missing swelling values there is a potential that in some cases swelling may have been under estimated, potentially
inﬂuencing the observed relationship between cumulative swelling and the outcomes. Secondarily, this analysis was limited by
a small sample, reducing the number of covariates from what had been used previously [20]. Lastly, bioelectrical impedance assessment is a reliable and precise way of measuring swelling, but this measure captures changes across the entire lower extremity. This could lead to inaccurate representation of the swelling in the knee joint capsule—the location where swelling is most
likely to contribute to AMI of the quadriceps and may explain the small affect detected between swelling and strength.

5. Conclusion
Total knee arthroplasty is the most commonly performed elective orthopedic surgery in the United States, and improving outcomes following TKA remains an important priority for clinicians and patients. While the post-TKA recovery is complex and associated with a number of factors, ﬁndings from past studies and this current study indicate that managing swelling following
TKA may lend itself to improved outcomes. Speciﬁcally, this study has shown a strong relationship between peak swelling and
TUG times at both two and six weeks following surgery. Peak swelling provides an ideal clinical target for management due to
its time course and explicit value. Recent evidence suggests that peak swelling typically occurs between days six and 10 following
surgery [56]. Intervention approaches designed to target peak swelling during this window may improve patient functional performance during the early and longer term following surgery.
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