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Background. By the year 2030, 3.48 million older U.S. adults are projected to undergo total knee arthroplasty (TKA).
Following this surgery, considerable muscle atrophy occurs, resulting in decreased strength and impaired func-
tional mobility. Essential amino acids (EAAs) have been shown to attenuate muscle loss during periods of reduced
activity and may be beneficial for TKA patients.

Methods. We used a double-blind, placebo-controlled, randomized clinical trial with 28 older adults undergoing
TKA. Patients were randomized to ingest either 20 g of EAAs (# = 16) or placebo (n = 12) twice daily between meals
for 1 week before and 2 weeks after TKA. At baseline, 2 weeks, and 6 weeks after TKA, an MRI was performed to
determine mid-thigh muscle and adipose tissue volume. Muscle strength and functional mobility were also mea-
sured at these times.

Results. TKA patients receiving placebo exhibited greater quadriceps muscle atrophy, with a -14.3 + 3.6% change
from baseline to 2 weeks after surgery compared with -3.4 + 3.1% for the EAA group (F=5.16,P=0.036) and a -18.4 +
2.3% change from baseline to 6 weeks after surgery for placebo versus -6.2 + 2.2% for the EAA group (F = 14.14,
P=0.001). EAAs also attenuated atrophy in the nonoperated quadriceps and in the hamstring and adductor muscles
of both extremities. The EAA group performed better at 2 and 6 weeks after surgery on functional mobility tests
(all P < 0.05). Change in quadriceps muscle atrophy was significantly associated with change in functional mobility
(F=5.78,P=0.021).

Conclusion. EAA treatment attenuated muscle atrophy and accelerated the return of functional mobility in older
adults following TKA.

Trial registration. Clinicaltrials.gov NCT00760383.
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Introduction

By the year 2030, the demand for primary total knee arthroplasty
(TKA) is projected to increase nearly 7-fold to 3.4 million sur-
geries performed annually in the U.S. (1). Muscle atrophy and
weakness in the operated leg are significant clinical barriers for
patients and their caregivers following TKA (2-4). Specifically,
quadriceps atrophy and weakness compromise balance (5),
reduce functional mobility (6, 7), and increase the risk of falls (8).
Tests of functional mobility consistently demonstrate marginal
improvements following TKA surgery (9-11). Functional tasks
such as level walking and stair climbing, which is considered a
high fall-risk activity, are chronically deficient in patients follow-
ing TKA as compared with age- and gender-matched adults (10,
11). A recent report suggests that early postoperative function
may predict the speed of functional recovery and the overall suc-
cess of rehabilitation (12). Evidence suggests that acute weakness
in the nonoperated limb following TKA is related to poorer func-
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tional outcomes in the long term (13), and maintaining greater
muscle volume in the operated extremity is essential to maximize
muscle strength (14, 15). Published reports demonstrate that
after a peak in functional recovery 6 months after TKA, there
is an acceleration of functional decline due to quadriceps weak-
ness that outpaces normal aging and is not attributable to a lack
of range of motion or pain (7, 16-18). For older adults, acute
muscle atrophy and weakness are particularly debilitating, exac-
erbating underlying issues related to sarcopenia, defined as the
chronic loss of muscle mass and function associated with normal
aging (19, 20). Sarcopenia is related to physical disability (21)
and increased risk of home care (22), nursing home placement
(23), and hospitalization (24). Health care costs due to sarcope-
nia in the U.S. in 2000 totaled $18.5 billion (25). Thus, mitigat-
ing quadriceps-specific muscle atrophy and weakness appears to
be a prudent undertaking with the potential to improve quality
of life for millions of older adults following TKA.

A role for essential amino acid (EAA) treatment in mitigat-
ing muscle atrophy has previously been proposed but has not
been thoroughly tested in a clinical population (26). A recent
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252 assessed for eligibility

212 excluded
83 were outside age range
76 had prior TKA (involved side)

46 declined to participate
6 had significant heart disease or stroke
1 had prior THA (involved side)

40 randomized

19 randomized to receive placebo
17 received intervention as assigned
2 did not receive assigned intervention
1 admitted to hospital
1 withdrew prior to surgery

21 randomized to receive EAA treatment
17 received intervention as assigned
2 did not receive assigned intervention
1 moved away
1 withdrew prior to surgery

)

5 did not complete 6-week post-TKA testing
2 withdrew for personal reasons
1 developed postsurgical pneumonia
1 diabetes not controlled
1 exacerbation of GERD/gout

3 did not complete 6-week post-TKA testing
2 withdrew for personal reasons
1 developed postsurgical arrhythmia

l

l

12 included in primary analysis ‘

| 16 included in primary analysis

Figure 1

Study flow. Random assignments to treatment group, reasons for exclusion and withdrawal, and study completion.

study in healthy older women showed that 3 months of daily
EAA supplementation increased lean body mass, potentially by
chronically elevating the basal rates of muscle protein synthe-
sis, but had no effect on strength (27). Conversely, a similarly
designed study conducted in older men with type 2 diabetes
failed to increase lean body mass or strength following 3 and
6 months of daily ingestion of the branched-chain amino acid
leucine (28, 29). Thus, to our knowledge, a clinical investiga-
tion using a double-blind, placebo-controlled approach has
never been performed to test the hypothesis that EAA supple-
mentation mitigates muscle atrophy following TKA. In our
study, EAA supplementation appeared to be safe, and no sub-
jects withdrew because of problems with supplement ingestion.
Given the history of dietary supplementations in general and
amino-acid supplementation in particular, it is important that
research in this area be able to demonstrate the safety of EAA
supplementation.

The purpose of this randomized clinical trial was to mea-
sure changes in muscle volume and functional mobility in two
groups (EAA versus placebo) of older adults before and after
TKA. Our hypothesis is that twice-daily ingestion of 20 g of
EAAs between meals for 1 week before and 2 weeks after TKA
would attenuate muscle loss and help restore functional mobil-
ity. Such results would have an important positive public health
impact, as they are clinically meaningful and broadly applicable
and can be readily translated into clinical use, thereby serving
as a proof of concept for EAA treatment in the mitigation of
muscle atrophy in a clinical setting.
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Results

Demographics and sample description. A flow diagram illustrating the
derivation of the study sample is presented in Figure 1, and subject
baseline demographic and clinical characteristics for each group
are provided in Tables 1 and 2. Data from a total of 28 participants
(EAA = 16; placebo = 12) were available for analysis and analyzed
according to the original group assignment. The sample con-
sisted of 67.9% females, mean age was 69.14 + 0.96 years (mean =+
SE), mean BMI was 31.70 + 1.21 kg/m?, mean tourniquet time
was 42.46 + 1.65 minutes, and mean length of inpatient hospital
stay was 3.18 + 0.19 days. Treatment groups (placebo versus EAA)
did not differ significantly by age, BMI, tourniquet time, length
of stay, or use of prescription medications (all P > 0.05). After
surgery, patients on average had 11.78 + 0.93 physical therapy
treatments. The number of treatments did not differ significantly
between the two treatment conditions (mean visits = 11.27 + 1.17
EAA vs. 12.30 + 1.44 placebo) during the 6-week post-TKA period
of data collection. There were no significant between-group mean
differences in initial levels of muscle volume and strength, with
the exception of mid-thigh intermuscular adipose tissue (IMAT)
in the nonoperated leg (61.53 + 7.60 EAA vs. 39.75 + 4.81 placebo,
P <0.05). Statin use, BMI, and energy intake were not significantly
associated with changes in muscle volume and strength outcomes.
Repeated measures analyses of variance results showed that there
were significant changes in muscle volume and strength outcomes
over time, regardless of treatment condition. Quadriceps volume
and strength significantly changed in the operated leg from base-
line to 2 weeks after TKA, from baseline to 6 weeks after TKA, and
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Table 1
Patient characteristics by treatment condition®

Characteristics Placebo EAA P
% Female 67 69 0.91
Age (yr) 705 68+5 0.26
Height (m) 1.65+0.08 1.67+0.10 0.58
Weight (kg) 79+13 96 + 28 0.05
BMI, kg/m?2 29+3 347 0.08
Tourniquet time (min) 43 £13 42 +5 0.16
Length of stay (days) 32+1 3.2+1 0.98
Baseline mean steps/day 4369+2,176 3,826+2,414 0.67
Baseline mean pain rating 412 412 0.81
Baseline nutrients
Protein intake
g/day 65 +6 69+6 0.57
g/kg of body weight 0.83+0.09 0.79+0.08 0.76
Fat intake (g/day) 52+15 58 +£15 0.32
Carbohydrate intake (g/day) 168 + 46 178 £ 48 0.60
Calories (kcal/day) 1,396 + 282 1,546 + 270 0.18
kcal/kg/day 18 +1 17 1 0.54
2-wk postoperative nutrients
Protein intake
g/day 49 + 78 62+6 017
g/kg of body weight 0.63+0.098  0.70 £ 0.08 0.58
Fat intake (g/day) 34+5 47 +5 0.06
Carbohydrate intake (g/day) 134 + 20 155 £17 0.41
Calories (kcal/day) 1,000 + 1458 1,348 £+ 123 0.08
kcal/kg/day 13+ 28 15+2 0.4
6-wk postoperative nutrients
Protein intake
g/day 677 66+6 0.94
g/kg of body weight 0.86 +0.09 0.75+0.09 0.40
Fat intake (g/day) 56+5 52+5 0.52
Carbohydrate intake (g/day) 186+ 16 164 + 15 0.32
Calories (kcal/day) 1,516 + 138 1,504 £127 0.95
kcal/kg/day 191 172 0.46

AResults are presented as the mean + SE. BSignificantly different from
baseline within the treatment condition.

from 2 to 6 weeks after TKA (all P < 0.05). In the nonoperated
leg, quadriceps volume significantly changed from baseline to 2
weeks after TKA and from 2 to 6 weeks after TKA (both P < 0.05).
Quadriceps strength in the nonoperated leg did not significantly
change over time (P > 0.05). Hamstring volume in the operated
and nonoperated legs significantly changed from baseline to 2
weeks after TKA and from baseline to 6 weeks after TKA (both
P <0.05). Hamstring strength significantly changed from baseline
to 2 weeks after TKA and from 2 to 6 weeks after TKA in the oper-
ated leg (both P < 0.05), but did not significantly change in the
nonoperated leg. Mid-thigh IMAT did not significantly change
over time in either leg. The following sections present the results
of the treatment-conditioned differences.

Food diaries. Table 1 presents nutrient intake by group at base-
line, 2 weeks, and 6 weeks after TKA. Self-reported food diaries
were obtained at baseline and 2 and 6 weeks after TKA. Dietary
protein intake, fat intake, carbohydrate intake, and calorie intake
did not significantly differ (all P > 0.05) across the two treatment
conditions at any time point (Table 1). There was a significant
drop in calories from baseline to 2 weeks after TKA for the pla-
cebo group (kcal/day: -30 + 7%, t = -3.96, P = 0.002; kcal/kg/day:
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-30+ 7%, t=-3.82, P=0.003) but not for the EAA group (kcal/day:
12 + 8%, t = -1.13, P = 0.140; kcal/kg/day: 12 + 8%, ¢ = -0.83,
P=0.212). The change from baseline to 2 weeks after TKA did not
differ by condition (P > 0.05). We found no significant changes
from baseline to 6 weeks after TKA or differences by condition
for kcal/day or kcal/kg/day. Daily fat intake at 2 weeks after TKA
decreased, but not significantly so, for both placebo (-29 + 13%
change from baseline, ¢t = -1.80, P = 0.055) and EAA groups
(-0.4 + 11% change from baseline, t=-1.41, P=0.092), and there was
no difference between conditions in the decrease in fat consump-
tion (all P > 0.05). Neither group significantly changed daily fat
intake from baseline to 6 weeks after TKA (all P > 0.05). Carbohy-
drate intake per day did not change significantly from baseline to
2 weeks or 6 weeks after TKA (all P> 0.05). We found a significant
drop in protein from baseline to 2 weeks after TKA in the placebo
group (protein/day: -19 + 9%, t = -2.08, P = 0.036; protein/kg/day:
19 + 9%, t = -2.52, P = 0.018), but not in the EAA group (pro-
tein/day: -11 + 7%, t = -1.14, P = 0.139; protein/kg/day: -11 + 7%,
t =-1.40, P = 0.093). The change from baseline to 2 weeks after
TKA did not differ by condition (P > 0.05). No changes from base-
line to 6 weeks after TKA or differences by condition were found
for protein or protein/kg. Dietary EAAs could not be estimated.

Pain. Patients rated perceived pain on a 0 to 10 scale (0 = no
pain) each morning and evening for 1 week before surgery and for
2 weeks following surgery. Across all patients, the mean pain rat-
ings were 4 + 4 preoperation and 5 + 1 postoperation, representing
asignificantincrease (t=-3.01 [degrees of freedom = 26], P = 0.006).
Preoperative and postoperative mean pain ratings did not differ
significantly across the two treatment conditions: the respective
preoperative and postoperative means were 4 + 1 and 5 + 1 for the
placebo group and 4 + 1 and 5 + 1 for the EAA group.

Activity. Patients’ activity as determined by analysis of available
pedometer data (n = 6 placebo, and n = 9 EAA) indicated that the
two treatment conditions did not differ in average steps per day
before TKA (mean steps/day = 4,369 + 889 placebo vs. 3,826 +
809 EAA, t [degrees of freedom = 13] = 0.44, P = 0.67) or after
TKA (mean steps/day = 1,891 + 546 placebo vs. 1,485 + 192 EAA,
t [degrees of freedom = 13] = 0.82, P = 0.43).

Muscle volume. Figure 2 depicts raw quadriceps and hamstrings
and adductor muscle volume. Tables 3 and 4 present absolute
(raw) and adjusted quadriceps and hamstrings and adductor vol-
ume values 2 weeks and 6 weeks after TKA, respectively. Two weeks
after TKA, EAA treatment reduced quadriceps atrophy in the
operated quadriceps (-14.3 + 3.6% change from baseline placebo
vs. -3.6 + 3.1% EAA; F = 5.16, P = 0.036) and in the nonoperated
quadriceps (-9.7 + 2.5% change from baseline placebo vs. -3.3 +
2.1% EAA; F = 3.70, P = 0.07). Six weeks after TKA, EAA treat-
ment reduced muscle atrophy in the operated quadriceps (-18.4 +
2.3% change from baseline placebo vs. 6.2 + 2.2% EAA; F = 14.14,
P=0.001) and in the nonoperated quadriceps (-9.6 + 1.8% placebo
vs.-2.9 £+ 1.8% EAA; F=6.78,P=0.016).

Results for hamstrings and adductors (grouped) were similar
to those for the quadriceps, with significantly less atrophy in
the EAA group versus the placebo group 6 weeks postoperation.
Two weeks postoperation, EAAs reduced muscle atrophy in the
operated hamstrings and adductors (-15.1 + 2.4% change from
baseline placebo vs. -11.0 + 2.0% EAA; F = 1.54, P = 0.23) and in
the nonoperated hamstrings and adductors (-8.9 + 2.3% change
from baseline placebo vs. -4.4 + 1.9% EAA; F = 2.15, P = 0.16).
Six weeks postoperation, EAA treatment reduced muscle atrophy
Number 11
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Table 2
Medications by treatment condition?

Medications® Placebo EAA P

Acetaminophen 25% 31% 0.72
Anticoagulant 16% 13% 0.76
Antidiarrhea 8% 0% 0.24
Baby aspirin® 25% 31% 0.72
Blood pressure 50% 50% 1.00
Calcium 17% 31% 0.38
Cardiac glycoside 8% 0% 0.24
COPD 8% 19% 0.44
Diabetes 8% 6% 0.83
Gl (ulcer/GERD) 8% 38% 0.08
Glucosamine 25% 25% 1.00
Estrogen 17% 12% 0.76
Muscle relaxant 0% 6% 0.38
NSAIDB 42% 25% 0.37
Osteoporosis 8% 0% 0.24
Pain reliever 33% 50% 0.38
Statin 50% 25% 0.19
SNRI 8% 0% 0.24
SSRI 8% 6% 0.84
Non-SNRI/SSRI antidepressant 0% 13% 0.22
Thyroid 0% 6% 0.38
Vitamin D 42% 31% 0.57

AResults reported as a mean percentage change from baseline. BMed-
ications withheld 1 week prior to surgery include NSAID and aspirin.
These medications were not started again until 2 weeks postoperation.
NSAID use did not covary with the change in muscle volume, strength
change, or functional mobility. COPD, chronic obstructive pulmonary
disease; GERD, gastroesophageal reflux disease; Gl, gastrointestinal;
SNRiI, serotonin and norepinephrine reuptake inhibitors; SSRI, selective
serotonin reuptake inhibitors.

in the operated hamstrings and adductors (-18.2 = 1.8% change
from baseline placebo vs. -7.5 + 1.7% EAA; F = 18.10, P < 0.001)
and in the nonoperated hamstrings and adductors (-8.3 + 1.4%
placebovs. -1.6 + 1.3% EAA; F=11.87, P = 0.002). A representative
MR image for the operated mid-thigh region of interest is pro-
vided in Figure 3.

IMAT volume. Tables 3 and 4 present absolute (raw) and adjusted
IMAT values 2 weeks and 6 weeks after TKA, respectively. Analyses
of MRI-measured mid-thigh IMAT data indicated that there was a
significant difference between EAA versus placebo groups in the per-
centage of change from baseline to 6 weeks postoperation, with the
EAA group showing an increase and the placebo group a decrease
in the operated thigh. Two weeks postoperation, EAA treatment
resulted in a mean IMAT change of -0.12 + 2.27% from baseline in the
operated mid-thigh region (versus a placebo change of -1.82 + 2.63%;
F=023,P=0.64) and a +1.27 + 2.88% change from baseline in the
nonoperated mid-thigh region (versus a placebo change of -1.34 +
3.15%; F=0.38, P = 0.55). Six weeks postoperation, EAA treatment
resulted in a mean IMAT change of +4.75 + 2.25% from baseline in
the operated mid-thigh region (versus a placebo change of -3.17 +
2.35% from baseline; F = 5.78, P = 0.025) and a +1.14 + 2.29% change
from baseline in the nonoperated mid-thigh region (versus a placebo
change of -3.29 + 2.39% from baseline; F = 1.76, P = 0.20).

Muscle strength. Tables 3 and 4 present absolute (raw) and
adjusted quadriceps and hamstring strength values 2 weeks and
6 weeks after TKA, respectively. Six weeks postoperation, EAA
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increased operated isometric extensor strength at 45 degrees
(-15.5 £ 6.6% change from baseline placebo vs. +6.5 + 6.9% EAA;
F=35.16,P=0.036) and at 60 degrees (-25.9 + 9.8% change from
baseline placebo vs. +4.5 + 9.4% EAA; F = 4.83, P = 0.039). Two
weeks postoperation, operated isometric flexor strength loss
at 45 degrees was significantly greater for the placebo group
(-59.1 £ 10.9% change from baseline placebo vs. -27.3 + 9.5% EAA;
F=4.81, P <0.05), but this effect became nonsignificant when
dietary protein intake was added to the model. Two weeks after
TKA, there was no significant treatment group difference at 60
degrees (-51.7 + 11.2% change from baseline placebo vs. -30.3 +
11.2% EAA; F=1.82, P = 0.20). Six weeks after TKA, there were no
significant group differences in hamstring isometric strength at
either 45 or 60 degrees.

Functional mobility. Figure 4 presents functional mobility results
for timed up-and-go (TUG), stair-climb up, and stair-climb down
tests 6 weeks after TKA. Six weeks after TKA, EAA treatment pre-
served the up-and-go test time (31.9 + 10.2% change from baseline
placebo vs. 4.0 + 9.5% EAA; F = 6.42, P =0.019). EAAs reduced the
stair-climb-up time 2 weeks after TKA (205.9 + 32.8% change from
baseline placebo vs. 94.6 + 27.2% EAA; F = 6.69, P = 0.018) and 6
weeks after TKA (51.9 + 15.9% change from baseline placebo vs.
-7.3+15.3% EAA; F= 6.99, P = 0.015). EAAs had no effect on the
stair-climb-down time 2 weeks after TKA (211.2 + 52.7% change
from baseline placebo vs. 118.6 = 45.5% EAA; F = 1.75, P = 0.20).
However, EAAs significantly reduced the stair-climb-down time 6
weeks after TKA (53.9 + 13.5% change from baseline placebo vs.
0.05 + 13.5% EAA; F=7.71, P=0.011). EAAs had no effect on the
6-minute-walk distance 2 weeks after TKA (-35.7 + 9.4% change
from baseline placebo vs. -21.0 = 7.5% EAA; F = 1.49, P = 0.24),
and EAAs had no effect on the 6-minute-walk distance 6 weeks
after TKA (-6.8 + 6.6% change from baseline placebo vs. 8.93 + 6.1%
EAA; F=2.94, P=0.10).

Multilevel models. Multilevel model (MLM) results are summa-
rized in Table 5. In separate models for the operated and nonop-
erated legs, the postoperative baseline change in mid-quadriceps
muscle atrophy was significantly associated with a change in
functional mobility and dietary protein over time. More protein
intake and greater functional mobility were related to less atro-
phy. For the operated extremity, across the full sample, individ-
uals’ within-person deviations from their average TUG scores
and protein intake were positively associated with a change
in quadriceps atrophy (P = 0.021 and P = 0.001, respectively);
that is, those with increasing protein intake and improving
TUG scores tended to have less decrease in muscle volume. In
addition, operated quadriceps muscle atrophy significantly
decreased the postoperative baseline (P < 0.001), and there was a
significant group-by-time interactive effect (P =0.001) favoring
EAAs (i.e., more muscle atrophy in the placebo condition over
time). Followup analyses of each treatment group separately
indicated that EAA supplementation was largely responsible
for the TUG and protein intake effects (P = 0.025 and P = 0.01,
respectively, in the EAA condition; both P > 0.05 in the placebo
condition). In the placebo group only, we observed significant
postoperative baseline decreases in mid-quadriceps muscle
volume (P < 0.001).

For the nonoperated extremity, across the full sample, indi-
viduals’ within-person deviations from their average protein
intake were positively associated with a change in quadriceps
atrophy (P = 0.031) such that increasing protein intake related
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Operated quadriceps
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Figure 2

Nonoperated quadriceps
170 4
1601 P=0.02
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Mid-thigh muscle volume (cm?)

Baseline 2 wk after 6 wk after

Nonoperated hamstrings and adductors
170 4

160 A
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Mid-thigh muscle volume (cm?)

Baseline 2 wk after 6 wk after

Muscle atrophy. Raw values from baseline for quadriceps and hamstrings and adductor muscle loss between groups. EAA treatment attenuated
operated (TKA) quadriceps atrophy by 4.6-fold versus placebo 2 weeks postoperation. EAAs also mitigated operated quadriceps and hamstrings
and adductor muscle atrophy by 3-fold (quadriceps) and 2.2-fold (hamstrings and adductors) at 6 weeks postoperation and by 3- and 4-fold in the
quadriceps and hamstrings and adductors, respectively, in the nonoperated thigh. Mid-thigh muscle volume was measured with Analyze version
11.0 software. Values are the mean + SEM. Placebo group, n = 12; EAA group, n = 16.

to less decreasing muscle volume. Midsection values signifi-
cantly decreased over time (P < 0.001), and there was a signifi-
cant group-by-time interactive effect (P = 0.025) favoring EAA
supplementation (i.e., less muscle volume loss in the treatment
condition over time). Followup analyses of each treatment
group separately revealed a significant negative association
between the stair-climb-up test in the EAA group (P = 0.028),
indicating that those with improving stair-ascent times had
less decreasing muscle volume. In both followup models, there
was a significant time effect, indicating that muscle atrophy
occurred in the nonoperated thigh over time, but the stronger
effect was in the placebo group (P = 0.005) compared with the
EAA group (P = 0.05), indicating that atrophy in this thigh was
greater in the placebo group.

Additional MLMs examined the effects of time-specific func-
tional measures on time-specific quadriceps muscle volume.
Across the full sample, higher scores on functional tests and
greater protein intake were associated with greater muscle vol-
ume at any given time point in the operated leg only, as follows:
TUG (F=4.47,P=0.041), 6-minute walk (F=5.31, P=0.026), and
protein intake (F=8.33, P = 0.006).

Safety. Four patients withdrew from the study for personal rea-
sons. Four were removed from the study due to postsurgical health
issues: pneumonia, uncontrolled diabetes, worsening of GERD/
gout, and arrhythmia. None of the subjects withdrew from the
study because of issues related to the supplement. There were no
adverse events reported by the research staff or investigators.
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Discussion
This clinical trial tested the hypothesis that 21 days of EAA supple-
mentation would mitigate muscle atrophy and mobility impair-
ments in a patient population of older adults (60-80 years of age)
following TKA. Results showed that twice-daily ingestion of 20 g
of EAAs for 1 week before and 2 weeks after (21 days total) TKA
limited bilateral quadriceps and hamstring atrophy by 2- to 4.6-
fold at 6 weeks after TKA and may explain the earlier recovery of
functional mobility (return to baseline) versus placebo. To our
knowledge, this is the first clinical study to demonstrate that EAA
supplementation mitigated muscle atrophy and accelerated the
return of functional mobility in older adults and serves as a proof
of principle for the use of EAA supplementation to attenuate mus-
cleloss in older TKA patients.

The mechanisms underlying the reduction in the magnitude of
muscle atrophy in the EAA group are unclear but may involve the
timing of supplement ingestion. Prior to surgery, the subjects were
instructed to ingest the supplement at 10 am and again at 2 pm
for 7 days, ending the day before TKA. During inpatient physical
therapy, which occurred at approximately 9 am and 1 pm each day,
the subjects ingested the supplement within 1 hour of treatment.
Upon discharge, the subjects were instructed to continue their nor-
mal schedule if they were not having physical therapy but to follow
each therapy session with supplement ingestion. The rationale for
this approach was based on prior work showing that EAA ingestion
1 hour after a single bout of resistance exercise (30) was superior to
EAA ingestion 1 hour before resistance exercise (31) in stimulat-
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Table 3
Baseline to 2-week postoperative raw and covariate-adjusted descriptive statistics and ANOVA results for muscle volume and strength
and IMAT (difference and percentage of change scores?)

Baseline 2wk after TKA  Diff (raw)  Diff (adj) % Chg (raw) % Chg (adj)  Diff F(P) % Chg F(P)
Mid-thigh quadriceps (cm3)

Operated
EAA 120 £ 11 12012 —4+5 -3+5 —4+3 -3+3 4.2 (0.06) 5.2 (0.04)
Placebo 133+13 114 £13 -20+4 -19+6 142 144

Nonoperated
EAA 140£12 136+ 13 —6+3 -5+3 -3+2 -3+£2 2.6 (0.13) 3.7(0.07)
Placebo 150 + 16 136 +15 -15+3 -13z4 -10+2 -10+3

Mid-thigh hamstrings
and adductors (cm3)

Operated
EAA 142 £13 128 + 11 174 -17+5 1122 1122 0.5 (0.50) 1.5(0.23)
Placebo 154 +17 129 +14 -25+5 —22+5 -15+2 -15+2
Nonoperated
EAA 147 £13 134 +14 -13+6 -13+6 —4 1 —4+2 0.1 (0.77) 2.2 (0.16)
Placebo 150 + 15 135+ 15 -15+4 -16+7 -9+2 -9+2
Mid-thigh IMAT (cm?3)
Operated
EAA 66+7 64+7 -1x1 - = 0.1 (0.74) 0.2 (0.64)
Placebo 467 44 + 6 -2 -1+ -1z 223
Nonoperated
EAA 62 + 88 61+8 01 0«1 1£2 1+3 0.5 (0.49) 0.4 (0.55)
Placebo 405 374 12 -1+£2 —2+3 -1+3
Isometric strength
45° Quadriceps (N)
Operated
EAA 879 4516 -32+11 -34+ 11 3512 3714 0.0 (0.85) 0.0 (0.92)
Placebo 87 £15 367 -49 + 16 -30+14 507 -39+ 14
Nonoperated
EAA 1007 100+ 10 9+5 9+5 116 115 2.5(0.14) 2.5(0.14)
Placebo 112+ 16 100 + 12 -14+6 -4+7 -10x4 —4+8
45° Hamstrings (N)
Operated
EAA 41+4 27 £4 -12+3 -11+£3 —6+3 0+6 1.3(0.27) 1.0 (0.34)
Placebo 39+6 22+5 -19+4 -17+3 -8zx7 916
Nonoperated
EAA 54 + 11 42 +5 -14 14 -1+3 -5+ 11 37 1.0 (0.42) 1.1(0.32)
Placebo 45+6 42 +6 412 —4+3 —9+6 -89
60° Quadriceps (N)
Operated
EAA 89+9 41+6 -42+10 -42 + 11 -46+ 10 -46+9 0.2 (0.65) 0.4 (0.53)
Placebo 97 £16 33+8 -67+19 -50+14 635 -56+12
Nonoperated
EAA 1099 109 + 10 7+6 107 7+6 105 9.5 (0.01) 10.5 (0.01)
Placebo 126 + 18 105+ 12 -29x9 -28+10 205 —22+8
60° Hamstrings (N)
Operated
EAA 35+3 24+5 -11+3 -10+3 -33+8 -30+ 11 0.2 (0.70) 1.8 (0.20)
Placebo 36+5 19+6 -16+5 -12+4 54 +12 -52 + 11
Nonoperated
EAA 41+4 40+4 + 12 -1+6 2+6 0.1(0.75) 0.0 (0.94)
Placebo 42 +5 42 +5 -1+2 -1x3 05 16

ADifference scores were calculated as followup minus baseline. Note that the change in protein intake was covaried in all models. BSignificant between-
group baseline difference (P < 0.05). Because of some missing data, the mean difference score and percentage change values are not exact reproductions
of differences in the means at the two time points. adj, adjusted; Chg, change; Diff, difference; N, Newtons.
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Table 4
Baseline to 6-week postoperative raw and covariate-adjusted descriptive statistics and ANOVA results for muscle volume and strength
and IMAT (difference and percentage of change scores?)
Baseline 6 wk after TKA  Diff (raw) Diff (adj) % Chg (raw) % Chg (adj) Diff F(P) % Chg F(P)
Mid-thigh quadriceps (cm?)

Operated

EAA 120 £ 11 110 £ 11 -10+4 -7+4 -8+3 —6+2 11.7 (0.002)  14.1 (0.001)
Placebo 133+13 1089 245 264 -17z2 -18x2

Nonoperated

EAA 140+12 136 £ 12 542 —4+3 -3+1 -3+£2 7.2 (0.02) 6.8 (0.02)
Placebo 150 + 16 135+ 14 -15+2 -15+3 -9+2 -10x2

Mid-thigh hamstrings
and adductors (cm3)

Operated

EAA 142 +13 129 + 11 -13+2 -11+4 -9+2 -8zx2 11.3(0.003) 18.1 (<0.001)
Placebo 154 £ 17 126 + 16 275 —29+4 -18+2 -18x2

Nonoperated

EAA 147 +13 142 +12 —4+2 -3+3 -3+1 —2zx1 7.3 (0.01) 11.9(0.002)
Placebo 150 + 15 137 14 -12+3 -13+3 -8x2 -8zx1

Mid-thigh IMAT (cm3)

Operated

EAA 66 +7 69+8 3+1 3+2 6+2 5£2 4.9 (0.04) 5.8 (0.03)
Placebo 46+7 44 + 6 2+ 22 -4+3 -3x2

Nonoperated

EAA 62 + 88 617 01 0+ 0=+1 0.5 (0.50) 1.8 (0.20)
Placebo 40+5 39+5 2 -1+11 2+ -3z

Isometric strength

45° Quadriceps (N)

Operated

EAA 87+9 817 56 2+7 0+7 77 5.2 (0.04) 5.2 (0.04)
Placebo 8715 699 -17+8 -20+6 -13+7 -16+7

Nonoperated

EAA 1007 1049 6+5 6+6 7+6 7+6 3.4 (0.08) 2.6 (0.12)
Placebo 112+£16 99 +12 -12+6 -11+6 -85 -7+6

45° Hamstrings (N)

Operated

EAA 41+4 36+4 -5+4 -3+4 —6+12 02 0.0 (0.93) 0.1(0.80)
Placebo 39+6 36+6 -1x5 —4+4 1325 8+21

Nonoperated

EAA 54 +11 47 £ 4 -9+12 5+4 13+ 21 28 £ 17 0.6 (0.47) 1.1(0.32)
Placebo 45+ 6 45+6 3+2 1+4 8+6 2+18

60° Quadriceps (N)

Operated

EAA 89+9 81+7 -8zx7 -310 29 5+9 5.0 (0.04) 4.8 (0.04)
Placebo 97 + 16 65+8 -32+12 -35+10 -23+10 -26+10

Nonoperated

EAA 109+9 110 £ 11 3+6 4+6 2+6 2+6 3.7 (0.07) 1.2 (0.29)
Placebo 126 + 18 112+ 14 -15+6 -13+6 -84 -7+6

60° Hamstrings (N)

Operated

EAA 35+3 33+4 0+4 1+4 22+£23 29+25 1.2 (0.29) 0.5 (0.50)
Placebo 365 30+4 —4+4 6= 7+20 4125

Nonoperated

EAA 41+4 43 £4 3+3 4+3 13+ 11 1 0 1.5(0.23) 1.2 (0.29)
Placebo 42 +5 41+4 0+2 -1+3 5+ +

ADifference scores were calculated as followup minus baseline. Note that the change in protein intake was covaried in all models. BSignificant between-
group baseline difference (P < 0.05). Because of some missing data, the mean difference score and percentage change values are not exact reproductions
of differences in the means at the two time points.
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Placebo

2 wk after Pre-TKA

6 wk after

ing muscle protein synthesis. Further support comes from a recent
study by Jordan et al. (32) showing that in older adults on an isoca-
loric, isonitrogenous diet and having controlled levels of activity,
the nitrogen balance increased 57% when protein was consumed
immediately after daily exercise as opposed to at rest.

Analysis of the 3-day food logs revealed that energy intake was
low at baseline, averaging 1,396 and 1,546 calories consumed per
day in the placebo and EAA groups, respectively. While low, others
have reported similar values in older healthy (33) adults and older
patient populations (34, 35). However, while not significantly differ-
ent between the groups 2 weeks postoperation, relative to baseline,
the placebo group demonstrated greater decreases in calorie and
protein intake. Intuitively, it is reasonable to surmise that reduced
energy and protein intake exacerbated the declines in muscle vol-
ume, strength, and functional mobility in the subjects who did not
have EAA supplementation. In addition, subjects in the EAA group
were substantially heavier, which may have provided additional
resistance during ambulation and rehabilitation that could offset
muscle loss. Finally, 50% of the subjects in the placebo group were
on statins versus only 25% of patients in the EAA group. Greater
statin use in the placebo group may have influenced our findings,
as these drugs have been shown to impair the ability of muscle to
adapt appropriately to exercise (36, 37). Our finding that energy
intake, body mass, and statin use were not statistically associated
with changes in muscle volume and strength outcomes may be due
to a lack of power to detect those relationships. Further research
is needed involving a larger number of patients to better define
the potential impact of energy and protein intake, body mass, and
the concomitant use of statins on the parameters of muscle mass,
strength, and functional mobility following TKA.
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Figure 3

Representative mid-thigh MR images of the operated thigh at baseline
(pre-TKA), 2 weeks after TKA, and 6 weeks after TKA for the placebo
and EAA groups. Placebo images are from a 71-year-old female, and
EAA images are from a 74-year-old female.

Human models of muscle disuse and immobilization have been
shown to decrease muscle cross-sectional area by 0.3% to 0.8% per
day within 4 weeks, likely because of reductions in resting mus-
cle protein synthesis of approximately 60% and a blunted anabolic
response to EAA ingestion of approximately 50%, with little con-
tribution from muscle protein breakdown (38). After TKA, how-
ever, patients were not immobilized per se, although their mobility
was reduced, and they participated in twice-daily physical ther-
apy beginning on postoperative day 1 in order to regain range of
motion and mobility. With this in mind, the subjects in our pla-
cebo group demonstrated a 14%-15% loss of quadriceps and ham-
strings/adductor muscle volume, respectively, in the operated thigh
within 2 weeks of surgery. This corresponds to an atrophy rate of
approximately 1% per day, which, allowing for the widely accepted
decrements in resting muscle protein synthesis (-60%) and blunted
anabolic response to EAAs (-50%), cannot be explained by changes
in synthesis rates alone and suggests an increase in muscle protein
breakdown (38, 39). Potential explanations may be derived from
research by Combaret et al. (40), who found that the defective
decrease in muscle protein breakdown induced by protein feeding
in older rats could be restored with diets supplemented with leuc-
ine for 10 days. Further, Katsanos et al. (41) showed that increasing
the concentration of leucine from 1.7 g to 2.8 g enhanced the acute
anabolic effects of EAA ingestion (6.7 g total) on muscle protein
synthesis rates in older adults, which is similar to the 3.6 g of leu-
cine that subjects in our study ingested twice daily for a total of
21 days. As such, the potential for twice-daily ingestion of leucine
(3.6 g) to decrease whole-body (42) and muscle-specific protein
breakdown (40, 43) while stimulating synthesis rates (26) is quite
interesting and clinically relevant for older adults following TKA.
It is important to highlight that our patients stopped ingesting
the supplement 2 weeks after TKA and that we only followed them
until 6 weeks after TKA, which provides us with a short time frame,
considering that muscle loss in the quadriceps of EAA subjects
occurred after supplementation ended. While further research is
needed to determine the effects of TKA on muscle protein synthe-
sis and breakdown rates at rest and following acute EAA ingestion
before and after a supplementation trial of potentially longer dura-
tion (i.e., 6 weeks versus 2 weeks postsurgery), our results clearly
demonstrate that a reduction in muscle breakdown occurred in the
EAA group compared with the placebo group.

Quadriceps weakness before and after TKA is influenced by acti-
vation failure, which after surgery may account for over half of
the strength loss (4, 15, 44, 45). Our strength results are in agree-
ment with what has been previously reported, which is that the
operative leg is generally weaker than the nonoperative extremity
prior to surgery and is attributable to arthrogenic inhibition, and
strength decreases precipitously following this surgery (4, 15, 44,
45). The causes of activation deficits underlying muscle weakness
are not well understood but appear to be influenced by degenera-
tive changes in the knee joint preoperatively, incision through the
extensor mechanism during TKA, joint effusion before and after
surgery, and pain that inhibits the ability of the quadriceps to pro-
Number 11~ November 2013 4661
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Figure 4

Functional mobility. EAA supplementation accelerated the return of functional mobility
versus placebo 6 weeks after TKA. For the TUG test, the subjects began the testin a
seated position (all were tested using the same chair), then stood up, walked forward 3
meters across a line that was clearly marked on the floor, then turned around, walked
back 3 meters, and sat down in the same chair. Subjects were given verbal instruc-
tions to complete the task “as fast and as safely as you can,” and the total time was
recorded. Total time to go up the stairs and the time to go down were measured. Tim-
ing started as soon as the subjects made their initial movements forward or upward.
The starting point for the descent portion was when subjects completely faced the
stairs. The end point was when both of the subject’s feet were at the starting spot on
the ground in front of the staircase. All subjects were provided with verbal instructions
to complete the test “as fast and as safely as you can.” Subjects were timed (seconds)
as they ascended 8 steps (stair-climb up) and descended 8 steps (stair-climb down)
at baseline and 6 weeks after TKA. The same set of stairs was used for each testing
session. Values represent the mean percentage change from baseline + SEM. Pla-

tional mobility. Finally, we found that post-TKA
changes in muscle and functional mobility covary;
that is, patients with less muscle atrophy experi-
enced greater functional mobility. However, while
we found that patients with better mobility had
lost less muscle volume, the effects of EAAs may
have been independent for each. Taken together,
these results offer preliminary evidence in support
of a role for EAA treatment and increased protein
consumption to offset muscle loss and functional
mobility impairments following TKA.

The strengths of this study include a robust design
with randomization, double blinding, and a placebo
control; a reliance on previously validated proce-
dures; rigorous measures showing a clear pattern
of physiological and functional mobility results;
the use of a relatively simple, safe, and widely dis-
seminable intervention informed by prior research;
and an equivalence of treatment conditions across a
range of participant characteristics that encourages
confidence in the generalization of results to older
adults — especially older women — undergoing TKA.
Limitations of the study include a relatively small
(n = 28) sample from one surgical center, which
restricted our ability to detect potential moderators
or confounds (e.g., statin use). Despite randomiza-
tion, differences in BMI may alter the response to
surgery, rehabilitation, and EAA supplementation.
In a larger sample, randomization may include a
broader age range of patients, with exclusion based
on baseline function rather than chronologic age.

cebo group, n = 12; EAA group, n = 16.

duce maximal force (45). In this context, it is difficult to interpret
our results without having included measures of activation deficits
in our study. However, when we consider the changes in strength
and functional mobility relative to the changes in muscle volume
it becomes apparent that acute alterations in muscle volume do
not explain the changes in force production. The accumulation
of IMAT has recently emerged as a potential source for some of
this discrepancy between force production and changes in muscle
cross-sectional area (46-48). A recent report from Manini et al. (49)
demonstrated that IMAT increases after 4 weeks of reduced phys-
ical activity and was associated with reductions in force produc-
tion. Further, in a group of older adults (~73 years of age), high
IMAT levels were associated with a diminished force per unit area
of muscle tissue (50). Interestingly, IMAT levels demonstrated an
increase of 4.75% in our EAA group over the course of 6 weeks ver-
sus a near-opposite (-3.17%) reduction in the placebo group. Taken
together, it is apparent from our results as well as from others’ (19,
51, 52) that acute alterations in muscle volume do not explain the
changes in force production. Clearly, further research into the
potential for EAAs to modulate components of muscle structure
and function, including activation deficits and IMAT, is warranted.

The results of our MLM analyses show that EAA treatment and
dietary protein intake have muscle-sparing effects in the operated
and nonoperated quadriceps. They also indicate that EAA treat-
ment and dietary protein intake are associated with better func-
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In conclusion, we interpret these preliminary
findings as supporting our hypothesis that 21 days
of twice-daily ingestion of 20 g of EAAs attenuates
muscle loss and helps to restore functional mobility.
Bearing in mind the aforementioned limitations, these results may
be considered a proof of principle that EAA supplementation in
the preoperative and acute postoperative periods could improve
patient outcomes. The present findings extend our understand-
ing of the potential beneficial effects of EAA use in TKA patients
between the ages of 60 and 80 years. In order to gauge the potential
impact of EAA supplementation on muscle volume and functional
mobility long term, future studies will need to follow patients for
6 months or 1 year. Also, future studies designed to identify the
mechanisms of action, the durability of effect, and the safety and
potential benefits of longer dosing regimes — and in a broader
age range of patients, with followup questionnaires to assess the
impact of treatment on quality of life — are needed so that the
biomedical community can better equip the health care system to
effectively treat the overwhelming number of older adults under-
going knee replacement surgery (1, 53-55).

Methods
Subjects. Twenty-eight subjects aged 60 to 80 years were recruited from
a pool of surgical candidates from the Slocum Center for Orthopedics
and Sports Medicine in Eugene, Oregon. All subjects were scheduled to
undergo primary TKA. Exclusion criteria included untreated endocrine
disease; significant heart, kidney, liver, blood, or respiratory disease;
peripheral vascular disease; active cancer; and recent treatment with
anabolic steroids or oral corticosteroids for greater than 1 week. After
Number 11
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MLM results associating change in muscle atrophy in TKA and nonoperated legs with change in functional mobility measures

for all cases and split by group

TKA
Regression F P
coefficient

All cases
TUG 1.57 578 0.021
6-minute walk 0.03 1.33 0.26
Stair-climb up -0.5 0.61 0.44
Stair-climb down 0.11 0.02 0.88
Protein intake (g/kg body mass) 50.74 13.06 0.001
TimeA -1.24 42.24 <0.001
Treatment group

Placebo 0.22 0.002 0.97

EAA REF8
TimeA by treatment group

Placebo by time -3.20 12.59 0.001

EAAs by time REF8
Placebo condition only
TUG 0.74 0.59 0.46
6-minute walk 0.09 3.53 0.08
Stair-climb up 0.57 0.31 0.59
Stair-climb down —-0.001 0.00 1.00
Protein intake (g/kg body mass) 33.35 3.51 0.10
TimeA —4.44 35.79 <0.001
EAA condition only
TUG 2.30 6.02 0.025
6-minute walk -0.01 0.07 0.80
Stair-climb up -1.70 3.06 0.097
Stair-climb down 0.36 0.15 0.71
Protein intake (g/kg body mass) 62.29 8.46 0.01
TimeA -1.10 3.32 0.087

ATime, change from baseline to 2 weeks and 6 weeks after TKA in the analysis;

signing the informed consent, each patient was randomly assigned to
the placebo or EAA supplement group using random assignment proce-
dures created for use by the research staff and the principal investigator.
All researchers were blinded to the patients’ assignment, and all patients
were blinded to the treatment group.

Trial design. A two-arm, parallel trial design was used with a 1:1 allo-
cation ratio to EAA versus placebo groups. All subjects completed MRI,
strength, and functional testing 2 weeks prior to TKA (baseline), 2 weeks
after TKA, and 6 weeks after TKA. Baseline measures of quadriceps vol-
ume (MRI), strength, and function were performed prior to surgery
and before initiating supplementation. An MRI was performed before
strength and functional testing at all time points. The study was con-
ducted from May, 2010 to October, 2012. The trial was stopped due to a
lack of sufficient funding.

Food diaries. The subjects were instructed to complete three 3-day food
diaries on a specific Friday, Saturday, and Sunday during the study.
Researchers explained the objectives and protocol during the first visit,
and at each subsequent visit the subjects were interviewed about the data
they recorded. The first 3-day food diary was completed before surgery.
Postoperative food diaries were obtained 2 weeks and 6 weeks after TKA.

Supplementation. Placebo (nonessential amino acids) or EAA supple-
mentation began 1 week before TKA, resumed again on postsurgical day
1, and continued for 14 days, for a total of 21 days of supplementation.
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Nonoperated
Regression F P
coefficient

0.58 1.35 0.52
0.01 0.13 0.73
-0.89 3.35 0.08
0.69 1.54 0.88
24.38 5.04 0.031
-0.85 24.28 <0.001
0.57 0.03 0.87
REFB

-1.64 5.45 0.025
REFB

0.22 0.06 0.82
0.04 0.83 0.38
-0.10 0.01 0.92
0.30 0.05 0.83
19.51 0.82 0.38
-2.48 11.51 0.005
0.87 2.22 0.15
-0.01 0.24 0.63
-1.43 5.64 0.028
0.69 1.44 0.25
24.39 3.25 0.09
-0.80 4.46 0.05

BREF, referent for factorial comparisons.

Supplements were not ingested on the day of surgery. Ingestion of the
supplement occurred twice daily, at 10 am and again at 2 pm. During
inpatient hospitalization, the morning supplement ingestion occurred
1 hour after physical therapy. The afternoon supplement ingestion
occurred 1 hour after physical therapy. The goal of this supplementation
regime was to maximize the anabolic effect of the EAAs (30). Supplement
ingestion was recorded in a log book and verified by research personnel
during regularly scheduled visits. Supplement composition for the EAAs
was: histidine, 2.2 g (11% of total); isoleucine, 2.0 g (10%); leucine, 3.6 g
(18%); lysine, 3.2 g (16%); methionine, 0.6 g (3%); phenylalanine, 3.2 g
(16%); threonine, 2.8 g (14%); and valine, 2.4 g (12%). The placebo supple-
ment consisted of 20 g (100%) alanine.

MRI acquisition and analysis. The details on muscle volume determination
have been published previously, with slight modifications for the current
trial (56). Two weeks before surgery, patients had an MRI of the bilateral
lower extremities between the anterior superior iliac spine and the tibial
plateau at the Slocum Center for Orthopedics and Sports Medicine MRI
facility equipped with a Philips Achieva 8C 1.5T system. A T1-weighted, fast
spin-echo pulse sequence using the following parameters obtained slice
images of the mid-thigh region of interest: transmission times of 500 ms
and an echo time of 12 ms, and a field of view varied to match patient
size, with 5-mm slice thickness and a 256 x 512 acquisition matrix size.
The pre-scan image was used by the operator to align post-scan parame-
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ters in order to determine changes in muscle tissue volume in the iden-
tical region of interest. Analysis consisted of matching five preoperative
mid-thigh images to five identical postoperative (2 weeks and 6 weeks
postoperation) mid-thigh images for quantification of muscle volume.
Analysis was performed using the Analyze 11 software package (Analyze-
Direct, Inc.) with semiautomated delineation of quadriceps, hamstring,
and adductor boarders. Using thresholding methods, the software can dif-
ferentiate operator-delineated parameters set to distinguish muscle from
nonmuscle (i.e., adipose tissue) using voxel intensity within each border
region for quantitative determination of muscle volume. For each sub-
ject, a template of the quadriceps border was used to establish boundaries
for successive images. One blinded researcher was responsible for analyz-
ing all images. Intraclass correlation coefficients (ICCs) for the operator
ranged from 0.96 to 0.99. A second blinded researcher performed repeat
analysis on nine randomly selected subjects’ images from all three time
points (baseline, 2 weeks after TKA, and 6 weeks after TKA). Between-
tester ICCs ranged from 0.99 to 1.00.

Medical Image Processing, Analysis and Visualization (MIPAV) software,
version 7.0 (Center for Information Technology, NIH) (57) was used for
the analysis of IMAT, which was defined as fat within and between mus-
cle bundles beneath the deep facial border of the thigh. Images were first
corrected for shading inhomogeneity with a nonparametric, nonuniform
intensity normalization (N3) algorithm (58). Bone was eliminated, and a
region of interest was manually defined at the level of the deep fascia for
the same 5 slices analyzed for muscle volumes. Separation of contractile
and noncontractile tissue was achieved by creating a voxel intensity histo-
gram for each drawn region of interest and implementing the maximum
entropy method available within MIPAV (59). Data were exported as vol-
umes-per-voxel intensity and separated above (adipose tissue) and below
(contractile tissue) the determined threshold value. Voxel intensities below
300 were separated and labeled as noncontractile tissue.

Strength. Strength and functional testing occurred at the Bowerman
Sports Science Clinic of the University of Oregon. Isometric quadriceps
strength was measured using a Biodex dynamometer (Biomedical Sys-
tems). Seat adjustments, shoulder and leg restraints, and transducer posi-
tioning were recorded for each subject for identical strength determina-
tion at each session. The medial and lateral epicondyles of the femur were
used to position the subject’s knee joint through the axis of rotation on
the dynamometer. Strength was tested at three different degrees of flex-
ion (30, 45, and 60). The subjects performed three 3-second trials at each
degree of flexion with 10 seconds’ rest between trials for both flexion and
extension. The trials were performed on both legs for a total of 18 trials
(9 flexion, 9 extension).

Functional mobility. The measurements used to assess the subjects’
functional mobility were the 6-minute walk, TUG, timed stair ascent,
and timed stair descent tests. Each test was performed in the same order
for all subjects at all three time points. First was the 6-minute walk.
Patients were instructed to “walk as fast and as safely as you can” in
a large indoor space within the testing facility. They were given time
announcements at 3 minutes and at 5 minutes 40 seconds, with the
last 10 seconds counted down aloud. The total distance walked in 6
minutes was recorded. Next was the TUG test. Each subject began the
test in a seated position (all subjects were tested using the same chair),
then stood up, walked forward 3 meters across a line that was clearly
marked on the floor, then turned around, walked back 3 meters, and
sat down in the same chair. The subjects were given verbal instructions
to complete the task “as fast and as safely as you can,” and the tortal
time was recorded. The final test was the timed stair ascent and timed
stair descent. Total time to go up and down the stairs and just the time
to go down were measured. Timing started as soon as subjects made
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their initial movements forward or upward. The starting point for the
descent portion was when subjects completely faced the stairs. The end
point was when both of the subject’s feet were at the starting spot on the
ground in front of the staircase. All subjects were provided with verbal
instructions to complete the test “as fast and as safely as you can.” Sub-
jects walked up and down a total of 8 steps. The same set of stairs was
used for each testing session.

TKA. On the morning of surgery, subjects were admitted to Sacred
Heart Medical Center at RiverBend (Springfield, Oregon, USA) in a
fasting state. Either an epidural, spinal, or general anesthetic was admin-
istered. Approximately half of the subjects had a preoperative femoral
nerve block placed for postoperative analgesia. The routine use of femo-
ral nerve blocks was halted in January of 2012. Intravenous propofol was
used to induce general anesthesia and was maintained with inhalational
anesthetic (either desflurane or sevoflurane), with or without a muscle
relaxant (rocuronium bromide). A 10-cm-wide Zimmer tourniquet was
positioned around the proximal third of the thigh and inflated to 300
mmHg to ensure minimal blood flow to the operated leg. After comple-
tion of the main components of the surgery, the tourniquet was deflated,
allowing for reperfusion of the limb with blood. The total tourniquet time
was recorded for each subject. All subjects also had three muscle biopsies
performed at baseline (prior to tourniquet inflation), during maximal
ischemia, and during reperfusion from the vastus lateralis muscle of the
operated leg (results not reported here) (56, 60, 61).

Statistics. Analyses were performed using SPSS software, version 19.0
(SPSS Inc.). Statistical evaluation of our data was performed using separate
analysis of covariance (ANOVA) models at 2 weeks and 6 weeks postoper-
ation, comparing the EAA versus placebo groups in terms of percentage
change from baseline on physiological and functional mobility measures.
Models were adjusted for self-reported protein intake (g/kg body weight).
Differences between the means were considered significant at P<0.05. Dif-
ferences between the means were considered a trend at P < 0.10. All values
are expressed as the mean (SE) or a percentage.

Power calculations for these analyses were based on an expected effect
size of d = 1.30 for the main outcome measure of quadriceps mid-section
volume, generated from preliminary data and prior studies. Assuming a
2-tailed type I error rate of 0.05, a sample size of 24 (12 subjects per group)
is sufficient to detect this anticipated effect with 85% power.

MLM:s were specified to determine the extent to which muscle atro-
phy covaried with functional mobility variables and dietary protein over
time. An MLM provides a strategy to estimate parameters accounting for
correlations among nested responses, as occurs with repeated measures
designs, and to maximize efficiency because it uses all available informa-
tion for each respondent. Thus, the present multilevel analyses, which
nested data from the three time points within each individual, properly
partitioned the variance and accounted for the nonindependence of the
data. Change in TKA and placebo quadriceps atrophy from baseline was
modeled as a function of change in functional mobility variables (i.e.,
TUG, 6-minute walk, timed stair ascent, timed stair descent) and protein
intake, using approaches that completely partition between- and within-
subject effects (62, 63). The models were constructed as the amount of
change relative to baseline on the mid-quadriceps atrophy outcome vari-
ables (i.e., outcome values were calculated as 0 at baseline, 2-week value
minus baseline value at 2 weeks, and 6-week value minus baseline value at
6 weeks) and as individuals’ deviations from their personal mean values
on the predictors. Individual mean values of the outcome and predictors
were included as fixed covariates.

Study approval. This study was approved by the PeaceHealth Institu-
tional Review Board, Sacred Heart Medical Center at RiverBend, and the
Biomedical Institutional Review Board of the University of Oregon, and
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was conducted in accordance with the Declaration of Helsinki. All sub-
jects provided written informed consent prior to their participation in the
study. This study was registered at www.clinicaltrials.gov (NCT00760383).
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