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Capsular contracture (CC) is the most com-
mon complication of breast augmenta-
tion and reconstruction with implants.1–4 

The original classification scheme, developed by 
Spear and Baker,5 is the most broadly adopted 

and provides a straightforward metric for evalu-
ating CC in countless studies that have shaped 
our understanding of outcomes in breast implant 
surgery. The Baker classification (Table 1) consid-
ers physician and patient perceptions of implant 
palpability, visibility, breast firmness, and pain to 
generate a score ranging from I to IV.5 By strict 
definition, though, CC refers specifically to mor-
phologic and physiomechanical changes to the 
fibrous capsule that forms around breast implants.4 
Although the palpability, visibility, firmness, and 
pain that develop around a breast implant can 
result exclusively from contracture of the peri-
prosthetic capsule, there are myriad factors that 
may influence this. Despite a thoughtful modifica-
tion of the Baker grade to evaluate CC following 
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breast reconstruction,5 this cohort of patients with 
breast implants have an even greater number of 
factors that may limit the utility of using Baker 
grade to measure CC (Table  1). Implant type, 
skin versus implant surface area and compliance, 
device positioning, fibrosis of the pectoralis major 
muscle, and replacement of the capsule with acel-
lular dermal matrix (ADM) may all affect Baker 
grade or mammary compliance independent of 
any alteration of the periprosthetic capsule, limit-
ing the value of the Baker grade.6

This review is not intended to diminish 
the role of Baker grade for measuring CC. We 
acknowledge that it is the most popular grading 
scale specifically used by plastic surgeons to assess 
CC. Rather, because of its popularity, it has had 
tremendous influence in shaping our perception 
of CC outcomes reported in numerous basic sci-
ence,7 translational,8–11 clinical,12 and industry-
sponsored core studies.13–16 There remains an 

unmet need for a tool to specifically measure 
changes to the periprosthetic capsule itself, par-
ticularly in research, independent of confound-
ing variables, conserved, and reproducible 
between raters, if our field is to truly understand 
and research the impact of devices, interventions, 
and time on CC formation.

PATIENTS AND METHODS

Search Strategy
This systematic review sought to identify 

studies using objective strategies for determin-
ing severity of CC. Studies directly evaluating 
(Fig. 1) a proposed measure of CC severity were 
assessed. A systematic review of the PubMed, Web 
of Science, and Cochrane databases was con-
ducted in accordance with Preferred Reporting 
Items for Systematic Reviews and Meta-Analyses 
guidelines17 for articles (reviewed by A.S.M. and 

Table 1. Capsular Contracture Classification Systems for Breast Augmentation and Modification for Breast 
Reconstruction
Classification Description 

Breast augmentation5  
 � I Absolutely natural; cannot tell breast was augmented
 � II Minimal contracture; surgeon can tell surgery was performed, but patient has no complaint
 � III Moderate contracture; patient feels some firmness
 � IV Severe contracture; obvious just from observation
Breast reconstruction5  
 � IA Absolutely natural; cannot tell breast was reconstructed
 � IB Soft, but the implant is detectable by physical examination or inspection because of mastectomy
 � II Mildly firm reconstructed breast with an implant that may be visible and detectable by physical 

examination
 � III Moderately firm reconstructed breast; the implant is readily detectable, but the result may still 

be acceptable.
 � IV Severe capsular contracture with an unacceptable aesthetic outcome and/or significant patient 

symptoms requiring surgical intervention

Fig. 1. Approaches used for measuring capsular contracture.
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T.M.M.) and published up to September of 2021 
(Fig.  2). All articles directly assessing an objec-
tive strategy for staging CC against an established 
standard measure were included. Search terms 
including “capsular contracture,” “Baker grade,” 
“sonoelastography,” “mammacompliance,” and 
“breast applanation tonometry” were used. This 
yielded 19 articles.

Data Extraction
Data extracted from the articles included 

authors; date of publication; endpoint measures; 
results; statistical analyses; number of patients; 
number of samples with distribution by Baker 
grade; methodology of assigning Baker grade; 
duration, type, and anatomical location for 
implant placement; and indication for implant.

RESULTS

Magnetic Resonance Imaging
Investigators have used static imaging such 

as magnetic resonance imaging (MRI) to deter-
mine breast implant capsule thickness as a proxy 
for CC (Tables 2 and 3). Zahavi et al.3 found that 
capsular thickness, as assessed by standard MRI 
protocols, including silicone and water suppres-
sion, was associated with Baker grade (P = 0.017) 
in a study of 20 augmentation and reconstruc-
tion patients. In the absence of a correlation 
statistic, the authors report a statistically signifi-
cant association between capsule thickness and 
severity of CC. Capsular thickness in mild Baker 
grades (I and II) was 1.39 mm, whereas in severe 
Baker grades (III and IV), it was 2.62 mm (P = 
0.0017).

Fig. 2. Screening and study approach performed in accordance with Preferred Reporting Items 
for Systematic Reviews and Meta-Analyses guidelines. (From Page MJ, McKenzie JE, Bossuyt PM, 
et al. The PRISMA 2020 statement: an updated guideline for reporting systematic reviews. BMJ 
2021;372:n71.)
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An association between MRI and Baker grade 
has also been studied in patients undergoing only 
implant-based postmastectomy breast reconstruc-
tion.18,19 Following multiple regression analyses, 
Mori et al.18 failed to identify a statistically signifi-
cant association between capsular thickness and 
Baker grade severity. Tyagi et al.19 corroborated 
these findings, also failing to identify differences 
in capsular thickness across Baker grades I to IV. 
Qualitatively, though, implants imaged with MRI 
assumed a more spherical shape accompanied 

by increasing severity of CC.19 They defined and 
quantified a series of implant characteristics such 
that higher Baker grades (III and IV) were associ-
ated with significantly increased roundness, solid-
ity, and extent and lower eccentricity and ratio 
length (Table  4). Roundness also distinguished 
between Baker grades I and II (P = 0.009). Ratio 
length was able to distinguish between both Baker 
grade I versus II (P = 0.01) and Baker grade II 
versus III or IV (P = 0.06), making this the most 
robust shape feature for distinguishing CC by 
Baker grade. For subpectoral implants, increasing 
pectoralis muscle thickness measured in the sag-
ittal plane trended with progressively increasing 
Baker grade and was able to distinguish between 
Baker grade I versus III (P = 0.02).

Considered together, although a correlation 
between clinical CC and static MRI measures of 
capsular thickness remains elusive, a relationship 
between altered implant morphology and clinical 
CC holds more promise.

Ultrasound and Sonoelastography
Zahavi et al.3 measured capsular thickness 

with ultrasound (Tables  2 and 3). Patients with 
Baker grades III and IV had significantly thicker 
(2.39 mm) capsules than those without clinically 
significant CC (1.14  mm). These authors subse-
quently proposed a classification system based 

Table 3. Capsular Thickness and Association with Capsular Contracture Severity

 Reference 
No. by Baker 
Grade 

Average Capsular Thickness by 
Baker Grade Association with CC Severity 

MRI     
 Mori et al., 201818 I: 17

II: 52
III: 11
IV: 1

I: 1.1 mm
II: 1.2 mm
III: 1.4 mm
IV: 1.9 mm

No

 Tyagi et al., 201719 I: 17
II: 14
III/IV: 19

I ≈ 0.14 cm
II ≈ 0.13 cm
III/IV ≈ 0.15 cm

No: Wilcoxon rank sum, I vs. ≥II, 
0.020 and ≤II vs. ≥III, 0.414

 Zahavi et al., 20063 I: 13
II: 8
III/IV: 6

I/II: 1.39 mm
III/IV: 2.62 mm

Yes

Ultrasound     
 Zahavi et al., 20063 I: 13

II: 8
III/IV: 6

I/II: 1.14 mm
III/IV: 2.39 mm

Yes

Histology     
 Prantl et al., 200732 I: 2

II: 10
III: 9
IV: 3

1–10 mm thickness, 3 mm average UR; P < 0.05 noted in abstract, 
data not provided

 Prantl et al., 200534 UR Capsules significantly thicker with 
Baker grade III and IV than 
Baker grade II

UR; significance verbalized, data 
not provided

 Tan et al., 201152 I/II: 3
III/IV: 4

0.5–1.4 mm, 0.84 mm average No, data not provided

Table 4. Summary of Shape Features Quantified 
from MRI Images of CCa

Parameter 

P Values for  
Distinguishing 

Baker Grade I vs. 
Baker Grade III 

and IV Definition 

Roundness 0.001 Similarity to a circle
Eccentricity 0.006 Deviation of elliptical 

path from circle
Solidity 0.04 Convexity
Extent 0.04 Ratio of area of object to 

a bounding rectangle, 
similar to solidity

Ratio length 0.001 Ratio of major and 
minor axis length

a From Tyagi N, Sutton E, Hunt M, et al. Morphologic features of 
magnetic resonance imaging as a surrogate of capsular contracture 
in breast cancer patients with implant-based reconstructions. Int J 
Radiat Oncol Biol Phys. 2017;97:411–419.
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on capsule thickness measured by ultrasound to 
include (a) no visible capsule, (b) capsules smaller 
than 2 mm, and (c) capsules larger than 2 mm.

Sonoelastography is an advanced ultrasound 
technique that quantifies CC by noninvasively 
measuring the stiffness of tissue (Table 2). Strain 
elastography uses mechanical compression to 
deform tissues. Shear-wave sonoelastography uses 
ultrasonic beams to generate vibrations in tissue. 
The deformation caused by these transient shear 
forces, differentially quantified as the Young 
(elastic) modulus for fatty, glandular, muscular, 
and pericapsular tissues, provides more granular 
information on tissue compliance characteristics 
that may contribute to a firm breast.20,21 The depth 
of penetration of the shear waves spans from skin 
to implant surface, but can also be increased to 
accommodate very thick breast tissue or submus-
cular implant placement.21

Rzymski et al. first reported use of sonoelas-
tography in two patients who presented with 
Baker grades III and IV CC following submus-
cular breast augmentation.21 Prantl et al. then 
looked for correlations between Baker grade and 
shear-wave sonoelastography in 11 patients.22 A 
four-point score generated with shear-wave sono-
elastography that measured capsule thickness as 

a proxy for stiffness was strongly correlated (r = 
0.89) with Baker grade. To verify the utility of 
shear-wave sonoelastography, capsular elasticity 
in 13 healthy patients was followed prospectively 
after dual-plane breast augmentation for an aver-
age period of 1 year.20 Real-time shear-wave sono-
elastography, Baker grade, ultrasonography, and 
applanation tonometry outcomes were compared 
with no correlation found. Sample size, length 
of follow-up, and CC sampling (all patients were 
Baker grade I or II) significantly limited this 
study. More recent work found that tissue stiffness 
measured by either strain or shear-wave elastog-
raphy positively correlated with increasing Baker 
grade.23,24 Sowa et al. evaluated CC in 20 patients 
with strain and shear-wave elastography and Baker 
grade following breast reconstruction,24 and Jung 
et al. examined 16 patients who had undergone 
revision following either aesthetic or postmastec-
tomy breast reconstruction surgery.23 Although 
both shear-wave and strain elastography analysis 
of tissue stiffness correlated with Baker grade, 
Sowa et al. found shear-wave elastography to have 
the stronger correlation. Interestingly the correla-
tion between shear-wave and strain elastography 
was found to be weak. This was attributed to user 
dependence of the mechanical compression-based 

Fig. 3. Applanation tonometry treats the breast as a fluid-filled membrane. It 
can be performed by placing a flat disk of known weight on the breast. The 
area of contact created by deformation of the breast against the weighted 
disk is then measured. Breast firmness is quantified from the equation P = 
F/A, where P is the intramammary pressure, F is a constant determined by the 
weight of the disk (force of disk = mass of disk × acceleration of gravity), and 
A is the area of contact between the disk and the breast surface (Moore JR. 
Applanation tonometry of breasts. Plast Reconstr Surg. 1979;63:9–12).
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strain elastography method.24 Thus, ultrasound 
techniques, both basic and advanced, demon-
strate promise for quantification of CC by means 
of capsule thickness or tissue stiffness.

Tonometry
Applanation tonometry, classically used to 

measure intraocular pressure, has been adapted 
to objectively measure breast firmness (Fig. 3) or 
intramammary pressure.25 Alone, applanation 
tonometry is not specific enough to measure CC, 
particularly when comparing one study to the next, 
as different implants themselves can be more or less 
firm independent of their capsule. However, when 
repeated measures are obtained with the same type 
of implant and supplemented with other measures 
such as Baker grade or imaging, it is an objective 
and inexpensive tool for assessing CC over time.9,26

Durometry
Durometry determines the force required to 

deform the breast, thus providing a measure of 
breast stiffness (Table 5).18,27 Baker grade I, II, and 
III have been associated with durometry values of 
0, 0.2, and 2.0, respectively.18 Whereas durometry 
correlated with Baker grade in this study, MRI 
findings did not,18 perhaps because these modali-
ties were not determined at the same time. Still, 
the ability of durometry to distinguish contracted 
from uncontracted breasts, coupled with its ease 
of use, makes it a potentially attractive approach 
to supplement Baker grade to longitudinally fol-
low breast implants for CC.

Mammacompliance
In 1982, Burkhardt et al. developed a caliper-

based technique to determine breast implant 
compliance. The breast was compressed between 
two handles of the caliper and total compres-
sion from resting breast diameter was recorded.28 
The Burkhardt calipers have since been iterated 
(Table 5) to standardize the technique and reduce 
variability.29–31 Hoflehner et al. fitted the Burkhardt 
calipers with a force transducer to standardize 
compression of the breast and measure distance 
of implant compressibility versus force.29 Addition 
of tissue sensors standardized the degree of skin 
contact. Mammacompliance quantified tissue com-
pression by setting the calipers to apply a known 
force to the breast at the widest diameter (Table 5).

Mammacompliance values trended with 
Baker grade and could easily distinguish between 
patients with Baker grades I versus IV. With 20 N 
of set force, proposed cutoffs for grading CC 

suggested that mammacompliance values of up 
to 3.6  cm were associated with no CC, from 3.6 
to 6  cm mild contracture, whereas values above 
6  cm suggested severe contracture. Although 
the descriptive trend of mammacompliance and 
Baker grades showed promise in this study, no sta-
tistical analyses were conducted to determine the 
correlation of these findings.

Similarly, Gylbert modified the Burkhardt 
calipers to apply a preset constant compression 
force.30 Breast compressibility was inversely pro-
portional to the distance between caliper tips. At 
10  N of standard applied caliper force, a modi-
fied version of Baker grade known as the breast 
augmentation classification scheme showed that 
breast compliance increased significantly over 1 
year. Although this study was not designed to dif-
ferentiate clinical stages of CC, it supports imple-
menting mammacompliance techniques as an 
objective standardized metric for CC.

The most recent modification of the 
Burkhardt caliper for measuring CC (Fig.  4) was 
reported by Alfano et al.31 using the Anton Paar 
Mammacompliance system (Table 5). The modifica-
tion uses eight caliper positions and automates cal-
culation of an average mammary compliance value. 
Although this study reports only the average values 
of mammary compliance and applanation tonom-
etry determined for breasts in each Baker grade, the 
automation of the Anton Paar Mammacompliance 
system suggests that compliance can alternatively be 
quantified as a curve plotted against applied forces. 
At both 4 and 12 months postoperatively, worse 
mammary compliance scores correlated with Baker 
grade and force measures by applanation tonom-
etry. Unfortunately, neither statistical significance 
nor a correlation coefficient was reported, thus 
diminishing the utility of these findings.

Thus, although these current works suggest 
mammacompliance as a promising strategy for 
quantification of CC, additional statistically rigor-
ous studies are needed to establish the veracity of 
this approach.

Histology
The Wilflingseder score represents an early 

attempt to grade CC severity based on histologic 
characteristics (Table 6). A moderate correlation 
between the Wilflingseder histologic score and 
Baker grade (r = 0.587; P < 0.05) is reported.32 
More recent studies to associate histology with 
the severity of CC focus on specific histomor-
phometric features such as capsule organization, 
thickness, and select fibrotic and inflamma-
tory markers (Table  3). Some characterize the 
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periprosthetic capsule as a consistently trilami-
nar structure (Table  6) that includes a luminal 
first layer composed of fibroblasts, macrophages, 
or a pseudosynovial lining. A second layer con-
sists of loose connective tissue, whereas a third 
is composed of dense connective tissue.4,32 By 
contrast, others have noted substantial variabil-
ity,33 with capsule architecture ranging from a 
single layer of collagen fibers to multiple layers 
of fibers with different densities and organiza-
tion. Despite this architectural heterogeneity, 
progression from thin, loosely packed fibers in 
softer capsules to thick dense fibers in contracted 
capsules is noted.33 Multiple studies also report 
synovial metaplasia at the capsule-implant inter-
face.4,32–35 Synovial metaplasia, hypothesized to be 
a response to mechanical stress to lubricate the 
interphase between the capsule and implant,33 is 
more commonly reported in lower than higher 
Baker grade implant capsules (Table 7).33,35

Capsule thickness is the most frequently stud-
ied CC metric quantified by both imaging and 
histology (Table  3). Still, consistent correlation 
between histologic capsule thickness and sever-
ity of CC remains elusive. Most,32,34,35 but not all,36 
studies report that capsular thickness positively 
correlates with Baker grade (Table 7). Bui et al. 
suggest a more nuanced association with a sig-
nificant difference in capsule thickness based on 
increased duration of implantation and between 
Baker grade I and II versus III and IV, but not 
incrementally between Baker grades II, III, and 
IV.33

Potential relationships between the severity 
of CC and specific markers of fibrosis and the 
immune response remain inconsistent. Compared 
with Baker grade III and IV (Table 7), Baker grade 
I and II capsules manifest a T-cell infiltrate (CD3+, 
CD25+) in the pseudosynovium directly adjacent 
to the implant that skews toward a regulatory phe-
notype (Foxp3+, CD25+).4,37 In primary cell culture, 
ex vivo regulatory T cells from Baker grades I and 
II capsules have a stronger capacity to suppress 
effector T cells than regulatory T cells cultured 
from Baker grade III and IV capsules, suggesting 
a role for effector T cells in worsening fibrosis.37 
Elevated silicone deposition and inflammation in 
capsules has been associated with thicker capsules 
and more severe clinical symptoms,32 whereas a 
trend toward increased myofibroblasts is identi-
fied in Baker grade III and IV versus I and II cap-
sules.33 HA and TSG-6 are associated with lower 
Baker grades,36 whereas there appears to be no 
relationship between Baker grade and the expres-
sion of toll-like receptors (TLRs) (Table 6).38

Serology
A link between expression of systemic markers 

of fibrosis and severity of CC makes intuitive sense.34 
Prantl et al. examined the relationship (Table  8) 
between Baker grade and serum fibrosis mark-
ers.34 Serum levels of hyaluronan were significantly 
higher in patients with CC versus breast reductions 
without implants. A positive correlation between 
Baker grade and hyaluronan (r2 = 0.73; P < 0.05) 
was found, whereas no correlation was found with 
aminoterminal propeptide of procollagen type III.

Wolfram et al.39 found that the serologic 
markers antipolymer antibodies, procollagen 
type III, and circulating immune complexes were 
significantly higher in patients with Baker grades 
III and IV compared with Baker grades I and II 
and women with no breast implants (Table  8). 
Only circulating immune complexes, though, 
were shown to increase over controls from Baker 

Fig. 4. The Anton Paar Mammacompliance system measures 
the distance between two caliper-mounted sensors in response 
to application of a known force. Breast diameters (d0 to d15) are 
measured with application of forces ranging from 0.5 to 15  N 
(Alfano C, Mazzocchi M, Scuderi N. Mammary compliance: an 
objective measurement of capsular contracture. Aesthetic Plast 
Surg. 2004;28:75–79).

Table 6. Wilflingseder Histologic Grading Scale for 
Capsular Contracturea

Type Histologic Characteristics 

I Ideal, thin capsule
II Evidence of constrictive fibrosis
III Constrictive fibrosis with giant cells
IV Constrictive fibrosis; giant cells; and additional vas-

cularization, granulomas, and inflammatory cells
a Prantl L, Schreml S, Fichtner-Feigl S, et al. Clinical and morphologi-
cal conditions in capsular contracture formed around silicone breast 
implants. Plast Reconstr Surg. 2007;120:275–284.
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grades I and II, and progressively on to Baker 
grades III and IV. None of the evaluated markers 
showed progressive elevation over time from 1 to 
5 years, suggesting that serologic markers are not 
impacted by duration of implantation.

DISCUSSION
Our review verifies that Baker grade is by far 

the most common approach used to quantify CC, 
given its simplicity, cost-effectiveness, and broad 
adoption. Baker grade serves as the accepted stan-
dard against which several clinical, serologic, and 
histologic measures have been compared. Since 
it was initially described, though, Baker grade has 
been used to describe CC in contexts where it is 
either highly unlikely, or even impossible for the 
periprosthetic pocket to have contracted. Hirsch 
et al.40 recommended a nuanced change for irradi-
ated patients to direct clinical management, add-
ing an “R” to Baker grade to indicate involvement 
of deeper layers such as muscle or capsule, and 
“RS” to also indicate skin involvement. Moreover, 
in prepectoral reconstruction where an ADM is 
used and an actual capsule does not even form, 
any contracture that occurs following radiation 
therapy may be attributed to radiation-induced 
fibrosis of the skin, subcutaneous fat, ADM, or 
muscle rather than capsule.

Our review suggests that with limited strength 
of evidence and no single metric to discretely 

measure true CC, a multipronged approach for 
CC assessment may be best (Fig. 5). Static imaging 
with either ultrasound or MRI (Tables  2 and 3) 
to assess capsule thickness demonstrates limited 
utility, as some studies have found an association 
with Baker grade,3 whereas others, especially in 
reconstruction-only cohorts, have not.18,19 One 
explanation for this discrepancy may be the inher-
ent imprecision of the Baker grade scale itself 
and the misclassification as Baker grades III or 
IV of patients undergoing breast reconstruction. 
Changes in breast implant morphology imaged 
with MRI (Table 4) may hold promise as a more 
sensitive measure of CC, but they have not gained 
traction as a reported outcome metric likely 
because of cost and access.19 Ultrasonography 
is more accessible and increasingly performed 
by plastic surgeons,41 but as capsule thickness 
remains a debatable proxy of CC, its value is lim-
ited (Tables 2 and 3). Sonoelastography, however, 
offers a more robust assessment by quantify-
ing capsule stiffness. Shear-wave—more so than 
strain—sonoelastography offers a more sensi-
tive analysis of stiffness of the implanted breast 
and distinguishes between the contributing tis-
sue planes.24 Moreover, simultaneous detection 
of seromas, masses, and device ruptures can be 
assessed. However, these advantages must be 
balanced against the limited availability and the 
specialized training required to apply sonoelas-
tography.22 Caliper-based techniques that measure 

Table 8. Studies Assessing Association of Serologic Markers with Capsular Contracture

Reference 

No. of 
Breast 

Capsules Aim Model Approach Findings 

Prantl 
et al., 
200534

25 Correlation of 
Baker grade, 
serum fibrosis 
markers, and  
capsule histology

Submuscular 
breast  
augmentation, 
smooth silicone 
implants

Examined relationship 
between Baker grade 
and serologic markers 
(HU, PIIINP) after 
blood draws and  
histologic analysis

Serum HU higher in patients 
with capsules than breast 
reduction controls; positive 
correlation between Baker 
grade and HU (r 2 = 0.73; P 
< 0.05); no correlation with 
PIIINP

Wolfram 
et al., 
200839

93 Correlation of 
silicone implants, 
systemic  
inflammatory 
disease, and Baker 
grade

Breast  
augmentation, 
silicone implants

Examined serologic  
markers APA, PI, PIII, 
CIC, cANCA, ANA, 
CL-Ab, RF, C3, C4, 
sICAM-1 in controls vs. 
Baker grade 1 and 2 vs. 
Baker grade III and IV

APA, PIII, and CIC significantly 
higher in Baker grade III and 
IV compared with I and II; 
but only CIC increased  
progressively from no 
implants through higher 
Baker grades; serologic  
markers did not increase 
over time from 1 to 5 yr; no 
associations were identified 
between Baker grade and PI, 
cANCA, ANA, CL-Ab, RF, C3, 
C4, or sICAM-1

HU, hyaluron; PIIINP, aminoterminal propeptide of procollagen type III; APA, antipolymer antibodies; PI, procollagen type I; PIII, procolla-
gen type III; CIC, circulating immune complexes; cANCA, antineutrophil granulocyte cytoplasmic autoantibodies; ANA, antinuclear autoanti-
bodies; CL-Ab, anticardiolipin antibodies; RF, rheumatoid factor; C3, complement component C3; C4, complement component C4; sICAM-1, 
human soluble intercellular adhesion molecule-1.
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mammacompliance are promising options for 
measuring tissue stiffness with less technical 
requirements. In fact, Moore’s approach can pro-
vide an inexpensive and accessible measure of 
intramammary pressure that complements Baker 
grade.9,26,42 This assessment must account for dif-
ferential contributions from the breast paren-
chyma versus the implant and capsule. Histologic 
and serologic analyses of CC have limited util-
ity given their invasive nature and cost, but they 
provide a more granular characterization of the 
periprosthetic capsule with promising utility for 
continued evaluation of CC in the laboratory. The 
finding of synovial metaplasia, consistently identi-
fied along the luminal surface of the implant cap-
sule in Baker grades I and II, but not III and IV, 
may be the most sensitive marker for CC.4,32–35

To address the current limitations of CC 
reporting, we would make several recommenda-
tions. First, Baker grade should remain the pri-
mary modality for confirming a CC diagnosis in 
today’s clinical practice. A given patient can serve 
as their own control such that increasing Baker 
grade over time can reasonably be attributed to 
CC. A Baker grade III or IV should suffice for doc-
umenting pathologic CC in communications with 
breast implant vendors when managing warrantied 
cosmetic breast implants and obtaining preautho-
rization from insurance payers when performing 
corrective operations in reconstructive cases.

In the setting of research, though, investigators 
should report CC outcomes more precisely and 
use a multimodal approach (Fig. 5). CC is one of 
the most consequential adverse outcomes in plastic 
surgery and should be characterized with precise 

and reproducible metrics to enable comparisons of 
patients and studies to one another across devices 
and techniques. This would better enable compart-
mentalization of the impact of the capsule itself 
versus the multiple other unrelated factors that 
can impact Baker grade. As plastic surgery research 
uses more sophisticated methods to study the cause 
and mitigation of CC,43–47 it behooves us to have 
more sensitive and specific measures so the conclu-
sions of our studies are more impactful. Although 
a clinical Baker grade III or IV may be attributable 
to pathologic CC, it may also be affected by skin 
or pectoralis muscle fibrosis, an overfilled saline 
implant, or a more cohesive gel implant. In such 
cases, it would be more accurate to report these 
outcomes quantitatively using metrics such as intra-
mammary pressure, mammacompliance, or mam-
mometrics to report skin surface area because it is 
not necessarily clear that CC is the root cause of 
disease. Similarly, the lack of Baker grade III or IV 
CC in a prepectoral breast implant wrapped in an 
ADM should be intuitive because the absence of a 
true capsule precludes its ability to contract in the 
first place.48–51 In this case, Baker grade can still 
provide a useful quantitative description of the pal-
pability and firmness of the reconstruction, but not 
of the degree of CC because there is no capsule. By 
increasing the number of data points used to evalu-
ate CC, investigators will be more likely to identify 
changes resulting from a particular implant, tech-
nique, or intervention.

In research studies that follow patients 
through capsulectomy and implant exchange 
or explantation, we recommend performance 
of quantitative histology (histomorphometry). 

Fig. 5. Multipronged approach for the analysis of CC.
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Researchers should evaluate capsule thickness 
using approaches that limit sampling bias, report-
ing the presence or absence of synovial metapla-
sia, and using immunohistochemistry to report 
the presence and relative density of relevant CC 
markers such as CD3+, CD25+, Foxp3+, HA, TSG-
6, and alpha-smooth muscle actin. Recognizing 
that CC is, by definition, a dynamic process, it 
should be reported longitudinally with repeated 
measures to show change over time. Finally, stud-
ies choosing to report CC as an outcome metric 
should acknowledge the factors that may con-
found their measures.

CONCLUSIONS
When clinically evaluating a particular patient 

over time, Baker grade remains a valuable tool for 
informing the decision to operate. In research 
studies, though, a more comprehensive analy-
sis of CC is needed to precisely define outcomes 
that can be directly compared between different 
patient populations and studies. Many approaches 
to measure CC have been developed, but no single 
tool reliably and specifically measures the contrac-
ture of the breast implant capsule. This limitation 
can be mitigated to an extent through implement-
ing a multipronged approach for measuring CC, 
limiting variables that can confound the measure 
of CC, and using repeated measures over time to 
define the dynamic nature of contracture.

Terence M. Myckatyn, MD
Division of Plastic and Reconstructive Surgery

Washington University School of Medicine
1020 North Mason, Suite 110

St. Louis, MO 63141
myckatyn@wustl.edu

Twitter: @DrMyckatyn
Instagram: terrymyckatyn

DISCLOSURE
Dr. Myckatyn currently receives royalties from RTI 

Surgical and unrestricted research grant funding from 
RTI Surgical and Sientra. Dr. Tenenbaum is a consul-
tant for Allergan and Revelle Aesthetics, and receives 
research funds from Mentor. Dr. Broderick is a former 
consultant for Dilon Technologies. The remaining 
authors have no financial interests to disclose.

REFERENCES
	 1.	 Wan D, Rohrich RJ. Revisiting the management of capsu-

lar contracture in breast augmentation: a systematic review. 
Plast Reconstr Surg. 2016;137:826–841. 

	 2.	 Headon H, Kasem A, Mokbel K. Capsular contracture after 
breast augmentation: an update for clinical practice. Arch 
Plast Surg. 2015;42:532–543. 

	 3.	 Zahavi A, Sklair ML, Ad-El DD. Capsular contracture 
of the breast: working towards a better classification 
using clinical and radiologic assessment. Ann Plast Surg. 
2006;57:248–251. 

	 4.	 Wolfram D, Rainer C, Niederegger H, Piza H, Wick G. 
Cellular and molecular composition of fibrous capsules 
formed around silicone breast implants with special focus 
on local immune reactions. J Autoimmun. 2004;23:81–91. 

	 5.	 Spear SL, Baker JL Jr. Classification of capsular contracture 
after prosthetic breast reconstruction. Plast Reconstr Surg. 
1995;96:1119–1123; discussion 1124.

	 6.	 de Bakker E, Rots M, Buncamper ME, et al. The Baker clas-
sification for capsular contracture in breast implant sur-
gery is unreliable as a diagnostic tool. Plast Reconstr Surg. 
2020;146:956–962. 

	 7.	 Tamboto H, Vickery K, Deva AK. Subclinical (biofilm) 
infection causes capsular contracture in a porcine model 
following augmentation mammaplasty. Plast Reconstr Surg. 
2010;126:835–842. 

	 8.	 Pajkos A, Deva AK, Vickery K, Cope C, Chang L, Cossart 
YE. Detection of subclinical infection in significant breast 
implant capsules. Plast Reconstr Surg. 2003;111:1605–1611. 

	 9.	 Poppler L, Cohen J, Dolen UC, et al. Histologic, molecular, 
and clinical evaluation of explanted breast prostheses, cap-
sules, and acellular dermal matrices for bacteria. Aesthet Surg 
J. 2015;35:653–668. 

	10.	 Rieger UM, Mesina J, Kalbermatten DF, et al. Bacterial 
biofilms and capsular contracture in patients with breast 
implants. Br J Surg. 2013;100:768–774. 

	11.	 Rieger UM, Pierer G, Luscher NJ, Trampuz A. Sonication of 
removed breast implants for improved detection of subclini-
cal infection. Aesthetic Plast Surg. 2009;33:404–408. 

	12.	 Adams WP Jr, Rios JL, Smith SJ. Enhancing patient out-
comes in aesthetic and reconstructive breast surgery using 
triple antibiotic breast irrigation: six-year prospective clinical 
study. Plast Reconstr Surg. 2006;118(Suppl):46S–52S. 

	13.	 Caplin DA. Indications for the use of MemoryShape breast 
implants in aesthetic and reconstructive breast surgery: long-
term clinical outcomes of shaped versus round silicone breast 
implants. Plast Reconstr Surg. 2014;134(Suppl):27S–37S. 

	14.	 Maxwell GP, Van Natta BW, Bengtson BP, Murphy DK. 
Ten-year results from the Natrelle 410 anatomical form-
stable silicone breast implant core study. Aesthet Surg J. 
2015;35:145–155. 

	15.	 Spear SL, Murphy DK; Allergan Silicone Breast Implant U.S. 
Core Clinical Study Group. Natrelle round silicone breast 
implants: Core Study results at 10 years. Plast Reconstr Surg. 
2014;133:1354–1361. 

	16.	 Stevens WG, Calobrace MB, Alizadeh K, Zeidler KR, 
Harrington JL, d’Incelli RC. Ten-year Core Study data for 
Sientra’s Food and Drug Administration-approved round 
and shaped breast implants with cohesive silicone gel. Plast 
Reconstr Surg. 2018;141(Sientra Shaped and Round Cohesive 
Gel Implants):7S–19S. 

	17.	 Page MJ, McKenzie JE, Bossuyt PM, et al. The PRISMA 2020 
statement: an updated guideline for reporting systematic 
reviews. BMJ 2021;372:n71. 

	18.	 Mori H, Uemura N, Koga H, Okazaki M. Objective assess-
ment of reconstructed breast hardness using a durometer. 
Breast Cancer 2018;25:81–85. 

	19.	 Tyagi N, Sutton E, Hunt M, et al. Morphologic features of 
magnetic resonance imaging as a surrogate of capsular con-
tracture in breast cancer patients with implant-based recon-
structions. Int J Radiat Oncol Biol Phys. 2017;97:411–419. 

	20.	 Paczkowska K, Rzymski P, Kubasik M, Opala T. 
Sonoelastography in the evaluation of capsule formation 

mailto:myckatyn@wustl.edu
https://doi.org/10.1097/01.prs.0000480095.23356.ae
https://doi.org/10.1097/01.prs.0000480095.23356.ae
https://doi.org/10.1097/01.prs.0000480095.23356.ae
https://doi.org/10.5999/aps.2015.42.5.532
https://doi.org/10.5999/aps.2015.42.5.532
https://doi.org/10.5999/aps.2015.42.5.532
https://doi.org/10.1097/01.sap.0000221614.32176.9a
https://doi.org/10.1097/01.sap.0000221614.32176.9a
https://doi.org/10.1097/01.sap.0000221614.32176.9a
https://doi.org/10.1097/01.sap.0000221614.32176.9a
https://doi.org/10.1016/j.jaut.2004.03.005
https://doi.org/10.1016/j.jaut.2004.03.005
https://doi.org/10.1016/j.jaut.2004.03.005
https://doi.org/10.1016/j.jaut.2004.03.005
https://doi.org/10.1097/PRS.0000000000007238
https://doi.org/10.1097/PRS.0000000000007238
https://doi.org/10.1097/PRS.0000000000007238
https://doi.org/10.1097/PRS.0000000000007238
https://doi.org/10.1097/PRS.0b013e3181e3b456
https://doi.org/10.1097/PRS.0b013e3181e3b456
https://doi.org/10.1097/PRS.0b013e3181e3b456
https://doi.org/10.1097/PRS.0b013e3181e3b456
https://doi.org/10.1097/01.PRS.0000054768.14922.44
https://doi.org/10.1097/01.PRS.0000054768.14922.44
https://doi.org/10.1097/01.PRS.0000054768.14922.44
https://doi.org/10.1093/asj/sjv017
https://doi.org/10.1093/asj/sjv017
https://doi.org/10.1093/asj/sjv017
https://doi.org/10.1093/asj/sjv017
https://doi.org/10.1002/bjs.9084
https://doi.org/10.1002/bjs.9084
https://doi.org/10.1002/bjs.9084
https://doi.org/10.1007/s00266-009-9333-0
https://doi.org/10.1007/s00266-009-9333-0
https://doi.org/10.1007/s00266-009-9333-0
https://doi.org/10.1097/01.prs.0000185671.51993.7e
https://doi.org/10.1097/01.prs.0000185671.51993.7e
https://doi.org/10.1097/01.prs.0000185671.51993.7e
https://doi.org/10.1097/01.prs.0000185671.51993.7e
https://doi.org/10.1097/PRS.0000000000000609
https://doi.org/10.1097/PRS.0000000000000609
https://doi.org/10.1097/PRS.0000000000000609
https://doi.org/10.1097/PRS.0000000000000609
https://doi.org/10.1093/asj/sju084
https://doi.org/10.1093/asj/sju084
https://doi.org/10.1093/asj/sju084
https://doi.org/10.1093/asj/sju084
https://doi.org/10.1097/PRS.0000000000000021
https://doi.org/10.1097/PRS.0000000000000021
https://doi.org/10.1097/PRS.0000000000000021
https://doi.org/10.1097/PRS.0000000000000021
https://doi.org/10.1097/PRS.0000000000004350
https://doi.org/10.1097/PRS.0000000000004350
https://doi.org/10.1097/PRS.0000000000004350
https://doi.org/10.1097/PRS.0000000000004350
https://doi.org/10.1097/PRS.0000000000004350
https://doi.org/10.1097/PRS.0000000000004350
https://doi.org/10.1136/bmj.n71
https://doi.org/10.1136/bmj.n71
https://doi.org/10.1136/bmj.n71
https://doi.org/10.1007/s12282-017-0791-y
https://doi.org/10.1007/s12282-017-0791-y
https://doi.org/10.1007/s12282-017-0791-y
https://doi.org/10.1016/j.ijrobp.2016.09.041
https://doi.org/10.1016/j.ijrobp.2016.09.041
https://doi.org/10.1016/j.ijrobp.2016.09.041
https://doi.org/10.1016/j.ijrobp.2016.09.041
https://doi.org/10.5114/aoms.2015.49935
https://doi.org/10.5114/aoms.2015.49935


Plastic and Reconstructive Surgery • January 2024

22

after breast augmentation—preliminary results from a fol-
low-up study. Arch Med Sci. 2016;12:793–798. 

	21.	 Rzymski P, Kubasik M, Opala T. Use of shear wave sonoelas-
tography in capsular contracture before and after second-
ary surgery: report of two cases. J Plast Reconstr Aesthet Surg. 
2011;64:e309–e312. 

	22.	 Prantl L, Englbrecht MA, Schoeneich M, Kuehlmann 
B, Jung EM, Kubale R. Semiquantitative measurements 
of capsular contracture with elastography—first results 
in correlation to Baker score. Clin Hemorheol Microcirc. 
2014;58:521–528. 

	23.	 Jung E, Hösl V, von Fraunberg S, Jung F, Prantl L. 
Ultrasound elastography for the detection of capsular fibro-
sis in breast implants: first results. Clin Hemorheol Microcirc. 
2020;77:247–257. 

	24.	 Sowa Y, Yokota I, Itsukage S, et al. Evaluation of the 
severity of capsular contracture using elastography after 
breast implant reconstruction. Clin Hemorheol Microcirc. 
2017;66:1–6. 

	25.	 Moore JR. Applanation tonometry of breasts. Plast Reconstr 
Surg. 1979;63:9–12. 

	26.	 Odom EB, Parikh RP, Um G, et al. Nipple-sparing mastec-
tomy incisions for cancer extirpation prospective cohort 
trial: perfusion, complications, and patient outcomes. Plast 
Reconstr Surg. 2018;142:13–26. 

	27.	 Brown T, Brown S, Murphy T. Breast durometer (mammom-
eter): a novel device for measuring soft-tissue firmness and 
its application in cosmetic breast surgery. Aesthetic Plast Surg. 
2017;41:265–274. 

	28.	 Burkhardt BR, Schnur PL, Tofield JJ, Dempsey PD. Objective 
clinical assessment of fibrous capsular contracture. Plast 
Reconstr Surg. 1982;69:794–801. 

	29.	 Hoflehner H, Pierer G, Rehak P. “Mammacompliance”: an 
objective technique for measuring capsular fibrosis. Plast 
Reconstr Surg. 1993;92:1078–1084.

	30.	 Gylbert LO. Applanation tonometry for the evaluation of 
breast compressibility. Scand J Plast Reconstr Surg Hand Surg. 
1989;23:223–229. 

	31.	 Alfano C, Mazzocchi M, Scuderi N. Mammary compliance: 
an objective measurement of capsular contracture. Aesthetic 
Plast Surg. 2004;28:75–79. 

	32.	 Prantl L, Schreml S, Fichtner-Feigl S, et al. Clinical and 
morphological conditions in capsular contracture formed 
around silicone breast implants. Plast Reconstr Surg. 
2007;120:275–284. 

	33.	 Bui JM, Perry T, Ren CD, Nofrey B, Teitelbaum S, Van Epps 
DE. Histological characterization of human breast implant 
capsules. Aesthetic Plast Surg. 2015;39:306–315. 

	34.	 Prantl L, Poppl N, Horvat N, Heine N, Eisenmann-Klein M. 
Serologic and histologic findings in patients with capsular 
contracture after breast augmentation with smooth silicone 
gel implants: is serum hyaluronan a potential predictor? 
Aesthetic Plast Surg. 2005;29:510–518. 

	35.	 de Bakker E, van den Broek LJ, Ritt M, Gibbs S, Niessen 
FB. The histological composition of capsular contracture 
focussed on the inner layer of the capsule: an intra-donor 
Baker-I versus Baker-IV comparison. Aesthetic Plast Surg. 
2018;42:1485–1491. 

	36.	 Tan KT, Baildam AD, Juma A, Milner CM, Day AJ, Bayat 
A. Hyaluronan, TSG-6, and inter-alpha-inhibitor in 

periprosthetic breast capsules: reduced levels of free hyal-
uronan and TSG-6 expression in contracted capsules. Aesthet 
Surg J. 2011;31:47–55. 

	37.	 Wolfram D, Rabensteiner E, Grundtman C, et al. T regula-
tory cells and TH17 cells in peri-silicone implant capsular 
fibrosis. Plast Reconstr Surg. 2012;129:327e–337e. 

	38.	 Bachour Y, Ritt M, Heijmans R, Niessen FB, Verweij SP. Toll-
like receptors (TLRs) expression in contracted capsules 
compared to uncontracted capsules. Aesthetic Plast Surg. 
2019;43:910–917. 

	39.	 Wolfram D, Oberreiter B, Mayerl C, et al. Altered systemic 
serologic parameters in patients with silicone mammary 
implants. Immunol Lett. 2008;118:96–100. 

	40.	 Hirsch EM, Seth AK, Fine NA. Capsular contracture after 
breast reconstruction: a modified classification system 
incorporating the effects of radiation. Plast Reconstr Surg. 
2012;129:870e–871e. 

	41.	 Swanson E. The expanding role of diagnostic ultrasound in 
plastic surgery. Plast Reconstr Surg Glob Open 2018;6:e1911. 

	42.	 Jacombs A, Allan J, Hu H, et al. Prevention of biofilm-
induced capsular contracture with antibiotic-impregnated 
mesh in a porcine model. Aesthet Surg J. 2012;32:886–891. 

	43.	 Walker JN, Hanson BM, Pinkner CL, et al. Insights into the 
microbiome of breast implants and periprosthetic tissue in 
breast implant-associated anaplastic large cell lymphoma. Sci 
Rep. 2019;9:10393. 

	44.	 Hu H, Johani K, Almatroudi A, et al. Bacterial biofilm infec-
tion detected in breast implant-associated anaplastic large-
cell lymphoma. Plast Reconstr Surg. 2016;137:1659–1669. 

	45.	 Crowe SA, Simister RL, Spence JS, et al. Microbial commu-
nity compositions in breast implant biofilms associated with 
contracted capsules. PLoS One 2021;16:e0249261. 

	46.	 Doloff JC, Veiseh O, de Mezerville R, et al. The surface 
topography of silicone breast implants mediates the foreign 
body response in mice, rabbits and humans. Nat Biomed Eng. 
2021;5:1115–1130. 

	47.	 Lee SW, Johnson EL, Chediak JA, et al. High-throughput 
biofilm assay to investigate bacterial interactions with surface 
topographies. ACS Appl Bio Mater. 2022;5:3816–3825. 

	48.	 Sinnott CJ, Persing SM, Pronovost M, Hodyl C, McConnell 
D, Ott Young A. Impact of postmastectomy radiation ther-
apy in prepectoral versus subpectoral implant-based breast 
reconstruction. Ann Surg Oncol. 2018;25:2899–2908. 

	49.	 Cavallo JA, Gangopadhyay N, Dudas J, et al. Remodeling 
characteristics and collagen distributions of biologic scaffold 
materials biopsied from postmastectomy breast reconstruc-
tion sites. Ann Plast Surg. 2015;75:74–83. 

	50.	 Myckatyn TM, Cavallo JA, Sharma K, et al. The impact of 
chemotherapy and radiation therapy on the remodeling of 
acellular dermal matrices in staged, prosthetic breast recon-
struction. Plast Reconstr Surg. 2015;135:43e–57e. 

	51.	 Sharma K, Cavallo J, Gangopadhyay N, et al. The histologic 
impact of chemotherapy and radiation on the remodeling of 
acellular dermal matrices in staged, prosthetic breast recon-
struction. Plast Reconstr Surg. 2014;134:81–82. 

	52.	 Tan VK, Goh BK, Fook-Chong S, Khin LW, Wong WK, Yong 
WS. The feasibility and accuracy of sentinel lymph node 
biopsy in clinically node-negative patients after neoadjuvant 
chemotherapy for breast cancer—a systematic review and 
meta-analysis. J Surg Oncol. 2011;104:97–103. 

https://doi.org/10.5114/aoms.2015.49935
https://doi.org/10.5114/aoms.2015.49935
https://doi.org/10.1016/j.bjps.2011.06.002
https://doi.org/10.1016/j.bjps.2011.06.002
https://doi.org/10.1016/j.bjps.2011.06.002
https://doi.org/10.1016/j.bjps.2011.06.002
https://doi.org/10.3233/ch-141812
https://doi.org/10.3233/ch-141812
https://doi.org/10.3233/ch-141812
https://doi.org/10.3233/ch-141812
https://doi.org/10.3233/ch-141812
https://doi.org/10.3233/ch-200875
https://doi.org/10.3233/ch-200875
https://doi.org/10.3233/ch-200875
https://doi.org/10.3233/ch-200875
https://doi.org/10.3233/CH-16210
https://doi.org/10.3233/CH-16210
https://doi.org/10.3233/CH-16210
https://doi.org/10.3233/CH-16210
https://doi.org/10.1097/00006534-197901000-00002
https://doi.org/10.1097/00006534-197901000-00002
https://doi.org/10.1097/PRS.0000000000004498
https://doi.org/10.1097/PRS.0000000000004498
https://doi.org/10.1097/PRS.0000000000004498
https://doi.org/10.1097/PRS.0000000000004498
https://doi.org/10.1007/s00266-017-0783-5
https://doi.org/10.1007/s00266-017-0783-5
https://doi.org/10.1007/s00266-017-0783-5
https://doi.org/10.1007/s00266-017-0783-5
https://doi.org/10.1097/00006534-198205000-00010
https://doi.org/10.1097/00006534-198205000-00010
https://doi.org/10.1097/00006534-198205000-00010
https://doi.org/10.3109/02844318909075122
https://doi.org/10.3109/02844318909075122
https://doi.org/10.3109/02844318909075122
https://doi.org/10.1007/s00266-004-4005-6
https://doi.org/10.1007/s00266-004-4005-6
https://doi.org/10.1007/s00266-004-4005-6
https://doi.org/10.1097/01.prs.0000264398.85652.9a
https://doi.org/10.1097/01.prs.0000264398.85652.9a
https://doi.org/10.1097/01.prs.0000264398.85652.9a
https://doi.org/10.1097/01.prs.0000264398.85652.9a
https://doi.org/10.1007/s00266-014-0439-7
https://doi.org/10.1007/s00266-014-0439-7
https://doi.org/10.1007/s00266-014-0439-7
https://doi.org/10.1007/s00266-005-5049-y
https://doi.org/10.1007/s00266-005-5049-y
https://doi.org/10.1007/s00266-005-5049-y
https://doi.org/10.1007/s00266-005-5049-y
https://doi.org/10.1007/s00266-005-5049-y
https://doi.org/10.1007/s00266-018-1211-1
https://doi.org/10.1007/s00266-018-1211-1
https://doi.org/10.1007/s00266-018-1211-1
https://doi.org/10.1007/s00266-018-1211-1
https://doi.org/10.1007/s00266-018-1211-1
https://doi.org/10.1177/1090820X10391778
https://doi.org/10.1177/1090820X10391778
https://doi.org/10.1177/1090820X10391778
https://doi.org/10.1177/1090820X10391778
https://doi.org/10.1177/1090820X10391778
https://doi.org/10.1097/PRS.0b013e31823aeacf
https://doi.org/10.1097/PRS.0b013e31823aeacf
https://doi.org/10.1097/PRS.0b013e31823aeacf
https://doi.org/10.1007/s00266-019-01368-8
https://doi.org/10.1007/s00266-019-01368-8
https://doi.org/10.1007/s00266-019-01368-8
https://doi.org/10.1007/s00266-019-01368-8
https://doi.org/10.1016/j.imlet.2008.03.007
https://doi.org/10.1016/j.imlet.2008.03.007
https://doi.org/10.1016/j.imlet.2008.03.007
https://doi.org/10.1097/PRS.0b013e31824a9f07
https://doi.org/10.1097/PRS.0b013e31824a9f07
https://doi.org/10.1097/PRS.0b013e31824a9f07
https://doi.org/10.1097/PRS.0b013e31824a9f07
https://doi.org/10.1097/GOX.0000000000001911
https://doi.org/10.1097/GOX.0000000000001911
https://doi.org/10.1177/1090820X12455429
https://doi.org/10.1177/1090820X12455429
https://doi.org/10.1177/1090820X12455429
https://doi.org/10.1038/s41598-019-46535-8
https://doi.org/10.1038/s41598-019-46535-8
https://doi.org/10.1038/s41598-019-46535-8
https://doi.org/10.1038/s41598-019-46535-8
https://doi.org/10.1097/PRS.0000000000002010
https://doi.org/10.1097/PRS.0000000000002010
https://doi.org/10.1097/PRS.0000000000002010
https://doi.org/10.1371/journal.pone.0249261
https://doi.org/10.1371/journal.pone.0249261
https://doi.org/10.1371/journal.pone.0249261
https://doi.org/10.1038/s41551-021-00739-4
https://doi.org/10.1038/s41551-021-00739-4
https://doi.org/10.1038/s41551-021-00739-4
https://doi.org/10.1038/s41551-021-00739-4
https://doi.org/10.1021/acsabm.2c00367
https://doi.org/10.1021/acsabm.2c00367
https://doi.org/10.1021/acsabm.2c00367
https://doi.org/10.1245/s10434-018-6602-7
https://doi.org/10.1245/s10434-018-6602-7
https://doi.org/10.1245/s10434-018-6602-7
https://doi.org/10.1245/s10434-018-6602-7
https://doi.org/10.1097/SAP.0000000000000538
https://doi.org/10.1097/SAP.0000000000000538
https://doi.org/10.1097/SAP.0000000000000538
https://doi.org/10.1097/SAP.0000000000000538
https://doi.org/10.1097/PRS.0000000000000807
https://doi.org/10.1097/PRS.0000000000000807
https://doi.org/10.1097/PRS.0000000000000807
https://doi.org/10.1097/PRS.0000000000000807
https://doi.org/10.1097/01.prs.0000455428.41346.ec
https://doi.org/10.1097/01.prs.0000455428.41346.ec
https://doi.org/10.1097/01.prs.0000455428.41346.ec
https://doi.org/10.1097/01.prs.0000455428.41346.ec
https://doi.org/101002/jso.21911
https://doi.org/101002/jso.21911
https://doi.org/101002/jso.21911
https://doi.org/101002/jso.21911
https://doi.org/101002/jso.21911

