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Abstract 

Purpose  Osteoarthritis (OA) affects weight-bearing joints, such as hips and knees, and its prevalence is rising due 
to factors like obesity and aging. Muscle atrophy, exacerbated by aging and surgery, increases the risk of joint instabil-
ity and falls. Orthopedic surgeons explore dietary interventions to counteract these effects, with protein supplemen-
tation (PS) showing promise. This systematic review and meta-analysis assessed the effectiveness of PS in arthroplasty 
patients, comparing findings with sports medicine and sarcopenia literature.

Methods  Following PRISMA guidelines, we searched PubMed, Web of Science, Scopus, and Embase (February 2025) 
for protein and amino acid supplementation studies in total knee or hip arthroplasty (TKA and THA) patients. The 
quality assessment used the Cochrane risk of bias and the Newcastle–Ottawa Scale. Meta-analysis calculated effect 
sizes for muscle atrophy and strength outcomes.

Results  Nineteen studies (903 patients) evaluated oral or intravenous protein/amino acid supplementation 
over a mean follow-up of 55.2 days. Essential amino acids (EAA) significantly reduced muscle atrophy in quadriceps 
femoris muscle mass (SMD: 0.69; 95% CI: 0.44 to 0.95) and hamstring muscle mass (SMD: 1.04; 95% CI: 0.52 to 1.55). 
However, effects on intramuscular adipose tissue (IMAT) and muscle thickness (MT) were inconsistent. Muscle 
strength outcomes varied, with no significant effect on quadriceps muscle strength (QMS) or handgrip strength 
(HGS). Intravenous amino acid infusion improved muscle protein synthesis and reduced perioperative blood loss.

Conclusions  Protein and amino acid supplementation can reduce muscle atrophy in hip or knee arthroplasty 
patients. While effects on muscle strength and function are mixed, intravenous supplementation offers benefits. Fur-
ther standardized research is needed to confirm these findings.

Trial registration  PROSPERO registration code (CRD42024555899).
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amino acid, Branched-chain amino acids

*Correspondence:
Amir Mehrvar
drmehrvar@sbmu.ac.ir; yasharkheirolahkhani@gmail.com
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13018-025-05847-4&domain=pdf
http://orcid.org/0000-0002-6661-2275


Page 2 of 16Khani et al. Journal of Orthopaedic Surgery and Research          (2025) 20:439 

Background
Osteoarthritis (OA) is the prevailing progressive muscu-
loskeletal disorder primarily impacting weight-bearing 
joints such as hips and knees. The prevalence of hip and 
knee OA has witnessed a substantial increase in recent 
decades and continues to rise. This can be attributed in 
part to the growing prevalence of obesity and other risk 
factors, as well as other independent causes [1, 2]. Nev-
ertheless, following total knee arthroplasty (TKA), a con-
siderable number of patients endure pronounced muscle 
atrophy and weakness, which had been reported to per-
sist for up to 5 months and would compromise balance 
and functional mobility [3, 4]. Previous reports have 
indicated that the incidence of postoperative malnutri-
tion can reach as high as 50% after TKA [5] and 40–80% 
after total hip arthroplasty (THA) [6]. Muscle atrophy is 
caused by senility and is exacerbated after joint recon-
structive surgery [7, 8], which causes increased joint 
instability and susceptibility to falling. These odds add up 
to an increase in wear rate, aseptic loosening, peripros-
thetic fracture, and revision surgeries [9–11].

Orthopedic surgeons have shown interest in different 
dietary and exercise regimens to mitigate this. Among 
these, protein and amino acid supplementation have 
become a promising intervention to counteract muscle 
loss and support postoperative recovery. Protein sup-
plementation (PS) is well-investigated in sports medi-
cine and sarcopenia, where it enhances muscle protein 
synthesis, preserves muscle mass, and improves strength 
and function [12–17]. Essential amino acids (EAAs), such 
as leucine, and branched-chain amino acids (BCAAs) 
are particularly effective due to their role in stimulating 
anabolic pathways, even in older adults with anabolic 
resistance [14–17]. Research suggests older adults benefit 
from higher protein intakes (e.g., 1.2–1.6 g/kg/day) than 
the recommended daily allowance (0.8 g/kg/day), espe-
cially during catabolic states like surgery [18]. However, 
30.3% to 65.1% of older adults with knee or hip OA have 
daily protein intake below this baseline, highlighting the 
potential role of supplementation [18]. Beyond quantity, 
protein quality (defined by EAA content and digestibility) 
is critical, with options like whey, casein, glutamine, and 
amino acid infusions (oral or intravenous) showing vary-
ing efficacy based on dosage, timing, and administration 
route [14–17]. Dietary interventions, including PS, have 
been integrated into the multidisciplinary approach for 
managing OA [19, 20].

In this systematic review and meta-analysis, we aim 
to evaluate the effectiveness of perioperative protein or 
amino acid supplementation on muscle mass, strength, 
and functional outcomes in patients undergoing total 
knee or hip arthroplasty. We compared these find-
ings to established evidence from sports medicine and 

sarcopenia research to guide clinical practice and future 
studies.

Material and methods
Protocol and registration
The present systematic review is based on the Preferred 
Reporting Items for Systematic Reviews and Meta-Anal-
ysis (PRISMA) guidelines. The study protocol has been 
registered in PROSPERO In advance.

Search strategy
We systematically searched medical electronic databases, 
including PubMed, Web of Science, Scopus, and Embase, 
in February 2025. We imposed no restrictions and col-
lected all available journal articles up to the search date. 
A combination of the following keywords was used as 
a search strategy and narrowed down to title, abstract, 
and keyword search fields: (“essential amino acid*” OR 
“glutamine” OR “l-glutamine” OR “branched-chain” OR 
“BCAA*” OR “albumin infusion” OR “essential amino 
acid” OR “arginine” OR “l-arginine” OR “amino acid sup-
plementation” OR “amino acid infusion” OR “protein 
supplementation” OR “protein infusion”) AND (“arthro-
plasty” OR “hip replacement” OR “knee replacement”).

Eligibility criteria
The population includes patients undergoing knee or 
hip joint replacement surgery; the intervention was con-
sumption of protein or amino acid supplementation, and 
the outcome stands for surgical-related complications. 
Criteria for inclusion encompassed studies (1) involv-
ing patients undergoing knee or hip joint arthroplasty, 
(2) interventions involving oral or injectable protein or 
amino acid supplementation pre-, intra-, or post-sur-
gery. We excluded case reports, case series, opinions, 
books, reviews, letters, conference abstracts, in-vivo, 
and in-vitro studies. Also, we excluded studies in which 
high-protein diets were used instead of supplements and 
studies in which the target group had specific diseases 
affecting protein metabolism.

Study selection
After finalizing the search, duplicates were removed, and 
the remaining articles were separately screened by two 
authors (AB and ES) based on title and abstract. The full 
texts of potentially relevant studies were subjected to a 
full-text review by two authors (AB and SK), and the first 
author resolved conflicts. Finally, reference lists of the 
included articles were reviewed for additional relevant 
studies.
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Data extraction
To ensure accuracy, all reviewers extracted and summa-
rized key information from the included articles so that 
at least two individuals extracted and summarized the 
data from each article. The following information was 
extracted by the authors: author name, date of publica-
tion, region of study, type of study, type of arthroplasty, 
inclusion and exclusion criteria, age, sex, body mass 
index (BMI), dietary information, the number of partici-
pants in each group, the type of protein, amino acid, or 
placebo given to each group, dosage, route of administra-
tion, repetition, overall dose, timing (before, during, or 
after surgery), period of supplementation intake, exercise 
or physical therapy details and all outcomes measured. 
After addressing and resolving any conflicting findings, 
the final dataset was obtained.

Risk of bias assessment
For quality assessment of randomized controlled trials 
(RCTs), Cochrane risk of bias tool (ROB), and case-con-
trol study, The Newcastle–Ottawa Scale (NOS) was used.

Statistical analysis
We performed a random-effects meta-analysis to assess the 
effect of PS on quadriceps muscle strength (QMS) and mus-
cle atrophy in patients undergoing arthroplasty by calculat-
ing the effect size and corresponding confidence intervals 
(95%CI). Furthermore, a fixed-effect model was applied for 
outcomes with low heterogeneity (I2 ≤ 25%). The effect size 
of our interest in this analysis was Standard Mean Differ-
ence or SMD (by Hedges, 1981) using the mean differences 
from baseline for both supplemented and non-supple-
mented groups and SD of these mean differences. We have 
intervention and control groups and mean and SD values of 
pre and post-operation for each group. So we calculated the 
mean changes from baseline and SD of the mean changes 
for each group using the following formula:

SD change represents the SD of the mean changes from 
baseline, SD baseline represents the SD of pre-op in each 
group, SD final means the SD post-op in each group, 
and r represents the correlation between the pre-op and 
post-op measurements. The first step in calculating the 
correlation (r in the formula) was to contact the corre-
sponding authors of the included studies to request their 
data sets or the correlation between the baseline and the 
final measurements because this correlation value is not 
generally mentioned in the studies. If the corresponding 
authors did not share the requested data, we assigned 
a value of 0.7 to the r in the formula to calculate the SD 
change. Finally, if there were further missing data in a 

SD change =
√
(SD2baseline+ SD2 final− (2× r× SDbaseline× SDfinal))

study, we did not include the study in the meta-analysis. 
Heterogeneity and inconsistency were assessed using chi-
squared (χ2 or Chi2) and I2 statistic. Sensitivity analyses 
were performed to evaluate the influence of individual 
studies on the overall effect size for analyses with high 
heterogeneity. Egger’s regression test was also performed 
to assess publication bias. P values less than 0.05 were 
considered statistically significant. All analyses were per-
formed using the R software (version 4.3.2 (2023-10-31)), 
using the “meta” and “metafor” packages.

Results
Search result
We conducted searches across multiple databases; after 
removing duplicate entries, we were left with 254 studies 
for further consideration. Following title/abstract screen-
ing and full-text review, 19 articles fulfilled our inclusion 
criteria [21–39] (Fig. 1).

Study characteristics
These studies were conducted across different coun-
tries, with six studies from Japan [28, 30–33, 37], five 
from the USA [21, 23, 26, 29, 35], two from Italy [24, 
27], two from Sweden [25, 34], two from the UK [36, 
38], one from China [39], and one from Iran [22]. In 
total, 903 patients, 578 of whom were female, were 
included. 12 articles focused on the arthroplasty of 
the hip joint [22–28, 31–34, 36], while six examined 
the knee joint [21, 29, 30, 35, 37, 39], and one study 
focused on both hip and knee joint [38]. 14 articles 
employed an oral intervention [21, 23, 24, 27–33, 35, 
37–39], and five utilized IV intervention [22, 25, 26, 
34, 36]. Furthermore, out of the 19 articles, six studies 
used EAA as the intervention [21, 24, 29, 33, 35, 37], 
while the remaining studies employed various other 
types of amino acids. The mean follow-up time was 
55.2±84.9 days, ranging from 1 day to 365 days. One 

article was a case-control study [32], while the remain-
ing were all RCTs (Table 1).

Risk of bias assessment
The domains of selection, which encompass random 
sequence generation, allocation concealment, and the 
reporting domain, were more frequently classified as hav-
ing an unclear risk of bias. Most of the studies were clas-
sified as having a low risk of bias, and none of the articles 
reached a high risk of bias in any of the assessed domains. 
The case-control study scored eight on the NOS quality 
assessment [32]. The details of the quality assessment are 
provided in Fig. 2.
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Muscle mass and atrophy
Seven studies have reported on the effects of PS on mus-
cle mass and atrophy, which utilized different meas-
urements to assess these variables and reported their 
findings using various parameters [21, 28, 30, 31, 35, 37, 
39]. EAA, along with age and sex, is an independent fac-
tor in preserving muscle atrophy after TKA [37]. EAA 
consumption significantly affected muscle atrophy in the 
quadriceps, hamstring, and adductor muscles. Addition-
ally, taking EAA resulted in a significantly higher intra-
muscular adipose tissue (IMAT) change rate in both legs 
[21, 35]. Ninomiya et  al. found no significant effect of 
whey protein on IMAT or muscle thickness (MT) [31]. 
However, Li et al found whey protein and rehabilitation 
training significantly improved leg circumference as a 
correlative value to skeletal muscle mass [39]. Further-
more, using HMG/Arg/Gln could reduce rectus femoris 
muscle atrophy; but the difference compared to the pla-
cebo group was insignificant [30]. Ikeda et  al reported 
that BCAA and training significantly affect muscle mass 
[28] (Table 2). Our meta-analysis showed that PS signifi-
cantly improved quadriceps femoris muscle mass (SMD: 
0.69; 95% CI: 0.44 to 0.95) and hamstring muscle mass 

(SMD: 1.04; 95% CI: 0.52 to 1.55). However, the effect 
on upper arm muscle mass was negligible (SMD: 0.12; 
95% CI: −0.60 to 0.83). The overall effect size for muscle 
mass across all muscle groups was 0.70 (95% CI: 0.48 to 
0.92), suggesting a beneficial effect of PS (Fig.  3). Sub-
group analyses revealed TKA studies had stronger reduc-
tions in muscle atrophy (SMD: 0.82) than THA (SMD: 
0.43) (Fig. 4). Short-term follow-up (1–6 weeks) showed 
greater muscle atrophy reduction (SMD: 0.81) than long-
term (>6 weeks; SMD: 0.59) (Fig. 5).

Muscle strength and function
For the assessment of muscle strength, surgeons utilized 
measures such as quadriceps muscle strength (QMS), 
hamstring muscle strength (HMS), and HGS. Seven stud-
ies have examined the effects of PS on QMS, with the 
isometric method predominantly used for measurement 
[21, 28, 30, 31, 35, 37, 39]. Two articles found no correla-
tion between EAA and muscle strength [35, 37]. however, 
another study observed high QMS improvement rates 
after using BCAA in both operated and contralateral legs 
[28]. Dreyer et  al the only research measuring QMS at 
different knee extension angles showed increases at both 

Fig. 1  PRISMA flow chart



Page 5 of 16Khani et al. Journal of Orthopaedic Surgery and Research          (2025) 20:439 	

Ta
bl

e 
1 

St
ud

y 
ch

ar
ac

te
ris

tic
s

A
ut

ho
r

co
un

tr
y

St
ud

y 
gr

ou
ps

(I1
/I2

/C
)

Sa
m

pl
e 

si
ze

(I1
/I2

/C
)

ag
e

(I1
/I2

/C
)

BM
I

I1
/I2

/C
fe

m
al

e
(I1

/I2
/C

)
Su

pp
(d

os
e/

fo
rm

)
Ex

er
ci

se
se

ss
io

n/
tim

e
ar

th
ro

pl
as

ty
Fo

llo
w

-u
p

O
ut

co
m

es
m

ea
su

re
s

A
lip

ou
r 2

02
2 

[2
2]

Ira
n

17
 A

A
/S

al
in

e
18

/1
8

56
±

19
.6

/6
0±

17
.3

N
R

N
R

50
0c

c/
IV

N
R

TH
A

1 
d

co
re

 te
m

pe
ra

tu
re

/
M

A
P/

H
R

A
sk

an
az

i 1
98

0 
[2

3]
U

SA
A

A
/A

A
+

G
LU

/G
LU

7/
8/

7
56

±
9/

57
±

9/
54

±
14

N
R

2/
4/

3
70

 g
/P

O
N

R
TH

A
5 

d
pl

as
m

a,
 m

us
cl

e 
A

A

Ba
ld

as
sa

rr
o 

20
16

 
[2

4]
Ita

ly
EA

A
/M

al
to

de
xt

rin
30

/3
0

67
.9

±
7.

3/
65

.6
±

9.
5

29
.8

±
4.

2/
27

.5
±

3.
9

16
/2

0
8 

g/
PO

24
/4

5’
TH

A
14

 d
pl

as
m

a 
A

A
/H

B/
Tr

an
sf

er
rin

/H
H

S/
In

fla
m

m
at

io
n 

ra
te

Bl
om

qv
is

t
19

95
 [2

5]
Sw

ed
en

G
lu

ta
m

in
e/

α-
Ke

to
gl

ut
ar

at
e/

c
10

/1
0/

13
68

±
1/

66
±

2/
68

±
2

25
.5

±
1.

0/
24

.9
±

1.
3/

25
.3

±
1.

0

3/
7/

6
0.

28
 m

g.
 k

g/
IV

N
R

TH
A

1 
d

pl
as

m
a,

 m
us

cl
e 

A
A

/
rib

os
om

e 
pa

ra
m

-
et

er
s/

bl
oo

d 
ho

rm
on

e

C
hu

rc
h

20
21

 [2
6]

U
SA

tr
av

as
ol

10
%

/
st

an
da

rd
 c

ar
e

9/
13

52
.2

±
2.

8/
55

.5
±

3.
2

28
.2

±
1.

8/
29

.5
±

1.
2

2/
6

13
5 

m
g.

kg
.h

/IV
N

R
TH

A
1 

d
FS

R/
FB

R/
M

us
cl

e 
ne

t 
ba

la
nc

e

D
e 

si
re

 2
02

0 
[2

7]
Ita

ly
A

A
/C

10
/1

0
80

.3
3±

6.
72

/
77

.6
5±

8.
40

N
R

9/
8

8 
g/

PO
10

/4
0’

TH
A

60
 d

se
ru

m
 m

yo
st

at
in

D
re

ye
r 2

01
3 

[2
1]

U
SA

EA
A

/A
la

ni
ne

16
/1

2
68

 ±
 5

/7
0 

±
 5

34
 ±

 7
/2

9 
±

 3
11

/8
40

 g
/P

O
N

R
TK

A
42

 d
qu

ad
ric

ep
s/

ha
m

-
st

rin
g 

ar
ea

D
re

ye
r

20
18

 [3
5]

U
SA

EA
A

/A
la

ni
ne

19
/2

0
64

.4
1 

±
 0

.9
4

29
.7

8 
±

 1
.2

0
N

R
40

 g
/P

O
98

/N
R

TK
A

42
 d

qu
ad

ric
ep

s/
ha

m
-

st
rin

g 
ar

ea

Ev
an

s
20

03
 [3

6]
U

K
A

lb
um

in
/G

el
of

u-
si

ne
/H

ae
m

ac
ce

l/
Sa

lin
e

13
/1

4/
14

/1
4

69
.2

/7
3.

9/
73

.8
/

69
.1

N
R

10
/7

/1
0/

3
2L

/IV
N

R
TH

A
N

R
Bl

oo
d 

ag
gr

eg
at

io
n/

ag
gl

ut
in

at
io

n
/s

er
um

 a
lb

um
in

/B
T/

A
PT

T

Ik
ed

a 
20

19
 [2

8]
Ja

pa
n

BC
A

A
/s

ta
rc

h
18

/1
3

75
.2

±
4.

9/
75

.6
±

6.
6

21
.9

±
4.

0/
25

.5
±

3.
7

18
/1

3
3.

4 
g/

PO
28

/6
0’

TH
A

30
 d

kn
ee

 e
xt

en
si

on
 

st
re

ng
th

/A
M

A
/

H
G

S/
hi

p 
ab

du
ct

io
n 

st
re

ng
th

Ik
ed

a
20

22
 [3

2]
Ja

pa
n

N
or

m
al

 s
tr

en
gt

h/
M

us
cl

e 
w

ea
kn

es
s

71
/9

1
64

.4
±

8.
6/

67
.1

±
9.

7
23

.2
±

3.
2/

24
.9

±
4.

5
59

/7
8

N
A

N
R

TH
A

36
5 

d
hi

p 
ab

du
ct

or
 m

us
-

cl
e 

st
re

ng
th

/
kn

ee
 e

xt
en

si
on

 
m

us
cl

e 
st

re
ng

th
/

th
e 

10
-m

 ti
m

ed
 g

ai
t 

te
st

/H
H

S/
En

er
gy

 
ex

pe
nd

itu
re

In
ve

rn
iz

zi
20

20
 [3

3]
Ja

pa
n

EA
A

/C
16

/1
6

80
.3

3±
 6

.7
2

77
.6

5±
8.

40
23

.0
5±

4.
77

/
23

.1
5±

5.
33

13
/1

4
8 

g/
PO

10
/4

0’
TH

A
14

 d
H

G
S/

TU
G

/IL
O

A

Kh
al

id
20

24
 [3

8]
U

K
Pr

ot
ei

n/
C

33
/3

1
75

±
5/

75
±

5.
5

N
R

25
/2

1
20

 g
/P

O
84

/N
R

TH
A

/T
KA

84
 d

W
O

M
A

C
/E

Q
-5

D
/

IC
EC

A
P-

O
/P

hy
si

ca
l 

ac
tiv

ity
 le

ve
l/p

ro
-

te
in

 s
cr

ee
ne

r5
5+

/



Page 6 of 16Khani et al. Journal of Orthopaedic Surgery and Research          (2025) 20:439 

I1
 in

te
rv

en
tio

n 
1,

 I2
 in

te
rv

en
tio

n 
2,

 C
 c

on
tr

ol
, s

up
 s

up
pl

em
en

ta
tio

n,
 H

B 
he

m
og

lo
bi

n,
 M

AP
 m

ea
n 

ar
te

ria
l p

re
ss

ur
e,

 H
R 

he
ar

t r
at

e,
 A

A 
am

in
o 

ac
id

, G
LU

 g
lu

co
se

, E
AA

 e
ss

en
tia

l a
m

in
o 

ac
id

, A
M

A 
up

pe
r a

rm
 m

us
cl

e 
cr

os
s-

se
ct

io
na

l a
re

a,
 H

H
S 

H
ar

ris
 h

ip
 s

co
re

, F
SR

 fr
ac

tio
na

l, 
W

O
M

AC
 T

he
 W

es
te

rn
 O

nt
ar

io
 a

nd
 M

cM
as

te
r U

ni
ve

rs
iti

es
 O

st
eo

ar
th

rit
is

 In
de

x,
 E

Q
-5

D
 E

ur
oQ

ol
-5

 D
im

en
si

on
 5

-le
ve

l, 
IC

EC
AP

-O
 IC

EC
A

P-
O

: I
CE

po
p 

Ca
pa

bi
lit

y 
M

ea
su

re
 fo

r 
O

ld
er

 P
eo

pl
e,

 V
AS

 v
is

ua
l a

na
lo

g 
sc

al
e,

 A
KS

 A
m

er
ic

an
 k

ne
e 

so
ci

et
y 

sc
al

e

Ta
bl

e 
1 

(c
on

tin
ue

d)

A
ut

ho
r

co
un

tr
y

St
ud

y 
gr

ou
ps

(I1
/I2

/C
)

Sa
m

pl
e 

si
ze

(I1
/I2

/C
)

ag
e

(I1
/I2

/C
)

BM
I

I1
/I2

/C
fe

m
al

e
(I1

/I2
/C

)
Su

pp
(d

os
e/

fo
rm

)
Ex

er
ci

se
se

ss
io

n/
tim

e
ar

th
ro

pl
as

ty
Fo

llo
w

-u
p

O
ut

co
m

es
m

ea
su

re
s

Li 20
24

 [3
9]

C
hi

na
W

he
y 

pr
ot

ei
n/

M
al

to
de

xt
rin

36
/3

6
66

.5
3 
±

 4
.1

4/
67

.5
0 

±
 3

.8
7

24
.9

8 
±

 3
.4

4/
25

.3
9 

±
 2

.4
8

24
/2

7
30

 g
/P

O
60

/N
R

TK
A

84
 d

Kn
ee

 e
xt

en
si

on
 

m
us

cl
e 

st
re

ng
th

/
VA

S/
RO

M
/A

KS
/le

g 
ci

rc
um

fe
re

nc
e/

M
uy

sk
en

s 
20

19
 

[3
9]

U
SA

EA
A

/a
la

ni
ne

19
/2

2
64

.9
5±

1.
35

/
63

.8
2±

1.
29

29
.7

1±
1.

00
/

30
.6

6±
2.

13
20

/1
7

40
 g

/P
O

N
R

TK
A

42
 d

en
er

gy
 e

xp
en

di
-

tu
re

/m
us

cl
e 

hi
st

ol
og

y/
ge

ne
 

ex
pr

es
si

on
/m

us
cl

e 
st

em
 c

el
l

N
in

om
iy

a
20

23
 [3

1]
Ja

pa
n

W
he

y 
pr

ot
ei

n/
C

29
/2

9
70

.2
8 

±
 3

.2
6/

70
.8

6 
±

 3
.6

9
22

.2
2 

±
 2

.7
4/

23
.0

9 
±

 2
.0

2
29

/2
9

11
 g

/P
O

16
8/

N
R

TH
A

84
 d

hi
p 

ab
du

ct
or

 
m

us
cl

e 
st

re
ng

th
/

kn
ee

 e
xt

en
so

r 
m

us
cl

e 
st

re
ng

th
/

H
G

S/
qu

ad
ric

ep
s 

M
T/

IM
AT

/T
U

G
-t

/
H

H
S/

hi
p 

pa
in

/J
H

EQ
 

po
in

t/
A

lb
/H

b/
C

RP

N
is

hi
za

ki
20

15
 [3

0]
Ja

pa
n

H
M

G
+

L-
ar

gi
ni

ne
+

L-
gl

ut
am

in
e/

or
an

ge
 ju

ic
e

13
/1

0
71

.1
/6

9.
8

N
R

N
R

40
.8

 g
/P

O
15

/N
R

TK
A

42
 d

en
er

gy
 e

xp
en

di
-

tu
re

/k
ne

e 
ex

te
ns

io
n 

st
re

ng
th

/
le

ng
th

 o
f h

os
pi

ta
l 

st
ay

/r
ec

tu
s 

fe
m

or
is

 
cr

os
s-

se
ct

io
na

l 
ar

ea
/b

od
y 

w
ei

gh
t

U
ey

am
a

20
23

 [3
7]

Ja
pa

n
EA

A
/la

ct
os

e 
po

w
de

r
30

/3
0

75
.9

/7
5.

8
N

R
23

/2
7

9 
g/

PO
N

R/
12

0’
TK

A
28

 d
se

ru
m

 a
lb

/R
FA

/k
ne

e 
pa

in
/q

ua
dr

ic
ep

s 
m

us
cl

e 
di

am
et

er

W
id

m
an

20
02

 [3
4]

Sw
ed

en
A

A
/a

ce
ta

te
d 

Ri
ng

er
22

/2
4

67
±

7/
67

±
6

25
.6

4/
26

.0
9

11
/1

2
2.

26
8 

g.
h/

IV
N

R
Pr

im
ar

y 
H

A
N

R
Bo

dy
 te

m
pe

ra
tu

re
/

Bl
oo

d 
lo

ss



Page 7 of 16Khani et al. Journal of Orthopaedic Surgery and Research          (2025) 20:439 	

45 and 60 degrees for the operated leg and a significant 
strength increase at 45 degrees in the EAA group [21]. 
One study found a positive effect of HMG/Arg/Gln on 
QMS in the operated leg two weeks post-operation, but 
this effect was not significant by the end of the follow-up 
period [30]. Ninomiya et al. concluded that whey protein 
significantly affected QMS on both sides and HMS on 
the contralateral side [31]. Similarly, Li et al found signifi-
cantly higher muscle strength with using whey protein 
[39] (Table 3). Additionally, five studies reported no effect 
of PS on HGS [28, 31, 33, 35, 37]. Details of these find-
ings are organized in Table  4. A random-effects model 
was used to analyze the effect of PS on QMS across 
seven studies. The pooled effect size was 0.9341 (95% 
CI: −0.2911, 2.1592), indicating a  non-significant trend 
toward improvement in QMS (z = 1.4943, p = 0.1351) 
with substantial heterogeneity among the studies, with 
an estimated tau2 = 2.5912 (SE = 1.5789) and I2 = 95.48% 
with subgroup analyses revealed high QMS heterogene-
ity in TKA (I2 = 96%) but more consistent effects in THA 
(I2 = 0%) (Fig. 6). Follow-up duration did not significantly 

moderate results (p > 0.39) (Fig.  7). Sensitivity analy-
sis was conducted to assess the robustness of the QMS 
results by systematically removing one study at a time. 
The results are summarized in Supplementary Table 2.

Eight papers have assessed the effects of PS on mus-
cle function [21, 24, 31, 33, 35, 37–39]. Various assess-
ments have been utilized with commonly used ones, 
including the Harris Hip Score (HHS), Timed Up and 
Go test (TUG-t), the 6-minute walk test, The Western 
Ontario and McMaster Universities Osteoarthritis Index 
(WOMAC), and American Knee Score (AKS). Ninomiya 
et al. found no significant difference in HHS and TUG-t 
test scores between exercise alone and exercise combined 
with whey protein [31]. In contrast, Invernizzi et al and 
Baldassarro et  al reported that patients who received 
EAA performed significantly better in the TUG-t test 
and HHS [24, 33]. Dreyer et  al. observed no statisti-
cally significant difference in TUG and 6-minute walk 
test scores using EAA [35]. However, in another study 
by Dreyer et  al. EAA showed significant improvement 
in the TUG test but not in the 6-minute walk test [21]. 

Fig. 2  Risk of bias summary and graph
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Similarly, Ueyama et al. reported no significant difference 
in the 6-minute walk test with EAA [37]. Li et  al found 
a significantly higher AKS after using whey protein [39]. 
Additionally, Khalid et al found a slightly higher median 
WOMAC score in the PS group compared to the control 
group [38] (Table 5).

IV infusion
Five studies infused the amino acids intravenously 
[22, 25, 26, 34, 36]. Evans et  al. found that colloid infu-
sion caused temporary changes in platelet and coagu-
lation parameters without affecting blood loss during 

hip arthroplasty [36]. Church et al. focused on total hip 
arthroplasty (THA) and discovered that perioperative 
amino acid infusion restored muscle net protein balance 
by augmenting muscle protein synthesis [26]. Widman 
et  al. demonstrated that amino acid infusion promoted 
thermogenesis during anesthesia, reducing perioperative 
blood loss [34]. Alipour et al. specifically studied amino 
acid infusion in hip surgery patients with spinal anesthe-
sia, observing a significant reduction in core body tem-
perature without affecting mean arterial pressure or heart 
rate [22]. Finally, Blomqvist et al. explored the effects of 
glutamine and a-ketoglutarate, finding that glutamine 

Fig. 3  Forrest plot for muscle atrophy in different muscle groups

Fig. 4  Subgroup analysis of muscle atrophy after total knee or total hip arthroplasty
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Fig. 5  Subgroup analysis of muscle atrophy in short-term (less than 6 weeks) and long-term (more than 6 weeks) follow-up durations

Table 3  Quadriceps muscle strength

Study Unit Intervention Placebo

operated leg non-operated leg operated leg non-operated leg

pre-op post-op pre-op post-op pre-op post-op pre-op post-op

Nishizaki
2015 [30]

Nm/Kg 1.1±0.3 W2:0.9±0.4
W4:1.0±0.4
W6:1.0±0.4

1.3±0.4 W2: 1.3±0.3
W4:1.3±0.4
W6:1.2±0.3

1.1±0.62 W2:0.7±0.9
W4:0.9±0.9
W6: 0.9±0.6

1.3±0.7 W2:1.1±0.6
W4:1.3±0.6
W6: 1.2±0.5

Dreyer
2013 [21]

N 45°:87 ± 9
60°:89 ± 9

W2 45°:45 ± 6
W2 60°:41 ± 6
W6 45°:81 ± 7
W6 60°: 81 ± 7

45°:100 ± 7
60°:109 ± 9

W2 45°:100 
± 10
W2 60°:109 
± 10
W6 45°:104 
± 9
W6 60°: 110 
± 11

45° :87 ± 15
60°97 ± 16

W2 45°:36 ± 7
W2 60°:33 ± 8
W6 45°:69 ± 9
W6 60°: 65 ± 8

45°:112 ± 16
60°:126 ± 18

W2 45°:100 ± 12
W2 60°:105 ± 12
W6 45°:99 ± 12
W6 60°: 112 ± 14

Ninomiya
2023 [31]

Nm/Kg 0.96±0.36 1.19±0.35 1.11±0.40 1.36±0.40 0.87±0.31 0.97±0.33 1.02±0.32 1.13±0.26

Ikeda
2019 [28]

Kgf/Kg 0.24±0.10 0.31±0.08 0.37±0.13 0.43±0.13 0.26±0.06 0.31±0.08 0.31±0.09 0.33±0.09

Dreyer
2018 [35]

N 102.71 ± 9.50 93.63 ± 9.29 113.32 ± 11.16 121.56 ± 11.93 79.95 ± 13.68 81.80 ± 10.54 108.29 ± 12.08 101.89 ± 11.80

Ueyama
2023 [37]

N 130.8 ± 66.7 M48:177.9 ± 
62.1

N/R N/R 136.3 ± 62.0 M48:157.3 ± 
60.7

N/R N/R

Li
2024 [39]

Nm 45.26 ± 1.67 83.22 ± 1.92 N/R N/R 45.01 ± 1.43 78.06 ± 1.45 N/R N/R

Table 4  Handgrip strength (HGS)

Study Arthroplasty Follow-up Intervention Placebo

Ninomiya 2023 [31] THA 8 W 21.60±3.93 22.57±3.84 20.83±4.13 21.00±4.11

Ikeda 2019 [28] THA N/R 17.4±5.2 18.4±4.3 18.6±5.0 19.3±4.3

Dreyer 2018 [35] TKA 6 W 28.95 ± 2.39 w2:30.47±2.32/
w6:30.74 ± 2.43

28.35 ± 1.89 w2:30.00±1.90/
w6:28.03 ± 1.87

Ueyama 2023 [37] Unilateral TKA 2 Y 20.1 ± 4.4 M48:22.5 ± 4.4 20.9 ± 7.2 M48:22.5 ± 7.7
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infusion prevented glutamine level decreases. In con-
trast, total free amino acid concentration decreased over-
all [25]. (A detailed table of changes in each amino acid 
level is presented in Supplementary-table-1).

Publication bias
Publication bias was assessed using Egger’s regression 
test for both QMS and muscle atrophy. For QMS, the 
test results indicated no significant publication bias 
(z = 1.4241, p = 0.1544) (Fig.  8). Similarly, for muscle 

Fig. 6  Forrest plot for QMS after total knee or total hip arthroplasty

Fig. 7  Subgroup analysis of QMS in short-term (less than 6 weeks) and long-term (more than 6 weeks) follow-up durations

Table 5  Timed Up and Go test (TUG-t)

Author Sample size C/I Control Intervention Arthroplasty

pre post pre post

Invernizzi 2019 [33] 15/16 18.85 16.03 19.31 15.57 THA

Ninomiya 2023 [31] 29/29 10.64 ± 3.96 9.30 ± 2.53 10.56 ± 3.46 8.88 ± 1.65 THA

Dreyer 2018 [35] 20/19 11.40 ± 0.68 10.90 ± 0.85 9.88 ± 0.46 9.87 ± 0.44 TKA

Dreyer 2013 [21] 12/16 NA 31.9 ± 10.2 % NA _4.0 ± 9.5% TKA
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atrophy, Egger’s test also showed no significant bias (z = 
1.5601, p = 0.1187) (Fig. 9).

Discussion
Efficacy of PS for hypertrophy of the elderly, dosage 
and duration
PS to achieve muscle hypertrophy can be discussed 
regarding the target population, adequate dosage, suf-
ficient duration of intervention, timing, efficacy of dif-
ferent compounds, and combination with resistance 
training. In a systematic review and meta-analysis of 17 

RCTs, Liao et  al. investigated the impact of combined 
PS and resistance training on lean muscle mass of older 
people; they concluded that PS improves body com-
position and function [40]. Conversely, Morton et  al.’s 
study employed meta-regression and subgroup analysis, 
revealing that PS during resistance training becomes less 
effective as age increases. Moreover, it does not signifi-
cantly augment changes in lean body mass among older 
individuals [41]. The different assumptions might be due 
to the inclusion of unhealthy older people. Studies sug-
gest that older people benefit from increased dietary 

Fig. 8  Funnel plot Muscle atrophy

Fig. 9  Funnel plot for QMS
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protein consumption during catabolic health conditions, 
e.g., arthroplasty, due to anabolic resistance to muscle 
protein synthesis [42, 43]. Nunes et  al. investigated the 
impact of increasing daily protein intake on lean body 
mass in healthy individuals; their meta-analysis suggests 
that subjects aged ≥65 years consuming 1.2–1.59 g of 
protein/kg/day and younger individuals (<65 years old) 
ingesting ≥1.6 g of protein/kg/day significantly increase 
lean body mass [44]. Other studies have confirmed that 
a total protein intake of 1.5 to 1.6 g/kg/day has signifi-
cantly increased muscle strength and volume in elderly 
individuals with sarcopenia [45–47]. Ninomiya et  al. 
only gave 11 g/day of whey protein, which is insufficient 
stimulation, although baseline protein intake was not 
measured [31]. On the other hand, Muyskens et al. had 
40 g/day of EAA, which seems sufficient, but the sup-
plementation lasted only for 7 days. Protein synthesis is 
a slow process and requires longer intervention periods 
to see any significant changes [48]. Studies on sarcopenia 
indicate that a six-month follow-up has a better impact 
on improving muscle strength and increasing muscle 
volume than a three-month follow-up [49].

Quality of the protein
The protein requirements of older adults exhibit height-
ened reliance on both the quantity and quality of dietary 
protein. Protein quality is calculated by EAA profile 
and protein digestibility using established metrics such 
as the protein digestibility-corrected amino acid score 
(PDCAAS) or the digestible indispensable amino acid 
score (DIAAS) [50]. Regarding the different PS options, 
studies in the field of arthroplasty are focused mainly 
on EAAs, including leucine [29–32, 35, 41, 43, 45]. This 
is plausible because the leucine content in the protein 
intake of the elderly plays a critical role in maintaining 
and regaining muscle mass [51]. Ueyama et al. gave 9 g/
day of EAAs, providing 0.68 g of leucine [45], and Ikeda 
et  al. supplemented their patients with 3 g/day BCAAs 
containing 1.2 g of daily leucine [28]. Studies indicate that 
providing at least 2.5 grams of leucine per meal positively 
impacts muscle protein synthesis [52, 53]. Leucine con-
tent varies across different protein sources, with whey 
protein containing the highest, approximately 12%, mak-
ing it one of the best choices due to its affordability rela-
tive to isolated amino acids [49, 54, 55]. Ninomya et  al. 
used 11 g/day of a whey protein blend with 2.3 g (21%) of 
leucine [31].

Exploring other fields of surgery
The importance of hamstring and quadriceps strength 
on anterior cruciate ligament (ACL) injuries, ACL recon-
struction outcomes, and rehabilitation is well established 
[56], augmenting these efforts with PS shows promising 

results [57]. Other fields of surgery have conducted 
similar investigations; for example, in colorectal cancer, 
Burden et  al. used a supplement drink with 24 g/day of 
protein for at least 10 days before surgery but showed no 
evidence of reducing the complications [58]. We hypoth-
esize this is because of a very low duration of the sup-
plementation period and insufficient dosage [42–44]. 
Regarding bariatric surgeries, studies have demonstrated 
that consuming protein leads to a more significant 
decrease in body fat mass, a more considerable decrease 
in body weight, and an increase in relative muscle mass 
in the lower limbs [59–61].

Limitations and suggestions
One limitation of this systematic review was the unavail-
ability of all the detailed statistical analyses, so we used 
a standard value for our correlation analysis. Some of 
our included studies were underdosed, insufficiently fol-
lowed, and commonly augmented with exercise or other 
nutritional supplements, making it hard to conclude the 
efficacy of PS alone [24, 28, 31, 33, 34, 37]. Another one 
was the high heterogeneity in QMS meta-analysis, which 
indicates that the effect of PS may vary significantly 
depending on factors such as study design, participant 
characteristics, or type of protein used. We suggest that 
future research focus on longer PS durations. It’s essen-
tial to address the baseline protein intake of the individ-
ual and then supplement it to sufficient grams per kg of 
body weight and evaluate the cost-effectiveness of pro-
tein compounds, such as whey protein and EAAs.

Conclusions
This systematic review and meta-analysis suggest that 
peri-operative protein and amino acid supplementation 
significantly reduces muscle atrophy in total knee or hip 
arthroplasty patients. Intravenous delivery also enhances 
muscle protein synthesis and cuts blood loss. Despite 
variable strength and function outcomes, supplementa-
tion is a key intervention, though further standardized 
research is warranted.
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