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Gomputed tomography measured epicardial adipose
tissue and psoas muscle attenuation: new biomarkers
to predict major adverse cardiac events and mortality
In patients with heart disease and critically ill patients.

Part II: Psoas muscle area and density
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Sarcopenia is a syndrome characterised by loss of skeletal muscle mass, loss of muscle 4 243-261
quality, and reduced muscle strength, resulting in low performance. Sarcopenia has Received: 09.12.2022, accepted: 2807.2023
been associated with increased mortality and complications after medical interventions.
In daily clinical practice, sarcopenia is assessed by clinical assessment of muscle strength
and performance tests and muscle mass quantification by dual-energy X-ray absorptio-
metry (DXA) or bioelectrical impedance analysis (BIA).
Assessment of the skeletal muscle quantity and quality obtained by abdominal com-
puted tomography (CT) has gained interest in the medical community, as abdominal
CT is performed for various medical reasons, and quantification of the psoas and skeletal
muscle can be performed without additional radiation load and dye administration.
The definitions of CT-derived skeletal muscle mass quantification are briefly reviewed:
psoas muscle area (PMA), skeletal muscle area (SMA), and transverse psoas muscle thick-
ness (TPMT).
We explain how CT attenuation coefficient filters are used to determine PMA and SMA,
resulting in the psoas muscle index (PMI) and skeletal muscle index (SMI), respectively,
after indexation to body habitus.
Psoas muscle density (PMD), a biomarker for skeletal muscle quality, can be assessed by
measuring the psoas muscle CT attenuation coefficient, expressed in Hounsfield units.
The concept of low-density muscle (LDM) is explained.
Finally, we review the medical literature on PMI and PMD as predictors of adverse out-
comes in patients undergoing trauma or elective major surgery, transplantation, and
in patients with cardiovascular and internal disease. PMI and PMD are promising new
biomarkers predicting adverse outcomes after medical interventions.
Key words: biomarkers, sarcopenia, computed tomography, psoas muscle area (PMA),
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Sarcopenia is associated with high mortality lence of sarcopenia depends on the used definition
and a high complication rate. Given the aging in  of sarcopenia, but figures up to 33% for individuals
the Western population, sarcopenia represents living in long-stay care facilities and up to 29% for
a high health care system and socio-economic community-dwelling elderly persons have been re-
burden and affects the quality of life. The preva- ported [1, 2].

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-ShareAlike 4.0 International

(CC BY-NC-5A 4.0). License (http://creativecommons.org/licenses/by-nc-sa/4.0/) 243



Jeroen Walpot, Paul Van Herck, Caroline M. Van de Heyning, Johan Bosmans, Samia Massalha, Jodo R. Inacio, Hein Heidbuchel, Manu L. Malbrain

244

Abdominopelvic CT is performed in various
clinical indications. Availability of abdominal and
pelvic CT imaging allows assessment of the psoas
area (PMA) and skeletal muscle area (SMA) to as-
sess muscle mass without additional radiation load.
Further, the muscle quality can be estimated by
measuring the CT attenuation coefficient of the
psoas or skeletal muscle (Figures 1 and 2).

This paper discusses the definition of sarco-
penia by the European Working Group on Sarco-
penia in Older People (EWGSOP). Section 2 briefly
discusses assessing sarcopenia by magnetic reso-
nance imaging, ultrasound, and bioelectrical impe-
dance analysis. The advantages and disadvantages
of these diagnostic modalities are explained.

P o

The definitions of CT-measured psoas muscle index
(PMI), skeletal muscle index (SMI), and transverse psoas
muscle thickness (TPMT) are discussed in Section 3.

Finally, we review the literature studies on PMI
and SMl in different clinical settings. The studies
are grouped by cardiovascular settings, vascular
disease, trauma, and ICU/emergency medicine.

SECTION 1. DEFINITION OF SARCOPENIA

In 2010, sarcopenia was defined by the Euro-
pean Working Group on Sarcopenia in Older People
EWGSOP) as “a syndrome characterised by progres-
sive and generalised loss of skeletal muscle mass
and strength with a risk of adverse outcomes such as
physical disability, poor quality of life, and death”[3].

P11

FIGURE 1. Panel A shows an example of a patient suffering from sarcopenia. Panel B shows an image of a non-sarcopenic patient. Note
the difference in psoas muscle volume. Note the difference in psoas muscle cross-sectional area (white arrow) between the two patients

FIGURE 2. Measurements of the psoas muscle area (PMA) and muscle quality. Panel A shows the manual contouring of the region of in-
terest (ROI), being the right PMA. Panel B: Within the RO, a filter selects all voxels with a (T attenuation coefficient within a predefined
range corresponding to skeletal muscle. Similarly, the filter can also select all voxels within the ROl with a (T attenuation value attributed
to the low-density muscle (LDM). In this case, LDM was defined as the PMA portion with a (T-attenuation coefficient ranging from 0 to
29 Hounsfield units
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In a 2019 EWGSOP2 consensus document, the
progress and new insights in the field of sarcopenia
were summarised in 4 key-points [4]:

1. For a long time, sarcopenia has been associated
with aging. Nowadays, it is recognised that sar-
copenia begins to develop earlier in life [5]. Due
to evolving insight, the “sarcopenia phenotype”
is supposed to have several contributing aetiolo-
gies beyond ageing [6], allowing the development
of new treatment strategies to delay the progres-
sion of sarcopenia.

2. According to the current insights, sarcopenia is
a muscle disease. In the pathophysiological think-
ing about sarcopenia, low skeletal muscle mass as
the principal determinant has shifted towards low
muscle strength [7-9]. It was emphasised that this
change might facilitate the detection of sarcope-
nia in clinical practice, as muscle strength can be
assessed without sophisticated diagnostic tools.

3.1t has been recognised that sarcopenia is asso-
ciated with low muscle quantity and quality. How-
ever, these parameters of muscle quality are mainly
used in the research setting rather than in clinical
practice [10-12].

4. Sarcopenia is underdiagnosed and undertreated.
There is a lack of consensus on which variables
should be measured, how they should be measured,
and which thresholds should be used to diagnose
sarcopenia. Further, it is unclear how therapeutic
interventions should ideally be evaluated [13].

Based on these new lines of evidence, the
EWGSOP introduced a new operational 3-tier defini-
tion of sarcopenia in 2018. This definition recognises
muscle strength as the primary factor in sarcope-
nia. The 3-tier definition of sarcopenia identifies
the presence of 3 criteria below [4]:

1) low muscle strength;

2) low muscle quantity or quality, and

3) low physical performance.

The diagnosis of “probable sarcopenia”is made
if the patient fulfils Criterion 1. Diagnosis of sarco-
penia is confirmed if additional workup confirms
Criterion 2. If all three criteria are met, sarcopenia is
scored as severe [4].

SECTION 2. ASSESSMENT OF SARCOPENIA

This paper focuses on the anthropomorphic as-
sessment of the skeletal muscles using abdomino-
pelvic computed tomography (CT) imaging, which
will be discussed in Sections Il and IV. This section
will discuss other diagnostic modalities and funda-
mental principles necessary for a good understand-
ing of the sarcopenia literature but does not belong
to the core of this article. Therefore, this section
does not aim for an in-depth review or complete-
ness.

Assessment of muscle strength and
performance tests and SarQol questionnaire

The EWGSOP recommends two measurements
to assess muscle strength: grip strength and the
chair stand test (Table 1).

The EWGSOP defines “physical performance”

as “an objectively measured whole-body function
related to locomotion”. This multidimensional con-
cept involves not only the skeletal muscles but
also central and peripheral nerve function [4, 14].
The EWGSOP 2019 consensus paper propagates
four tests to quantify physical performance: gait
speed, the 400-m walk test, the Timed-Up and Go
test (TUG), and the Short Physical Performance Bat-
tery (SPPB) [4] (Table 1).

The SarQol tool is a questionnaire for patients
with sarcopenia and helps physicians assess the pa-
tient’s perception regarding his or her physical,
social, and psychological health [15, 16].

Table 1 lists and explains these muscle strength
tests, performance tests, and the SarQolL questionnaire.

Assessment of muscular mass

1. Dual-energy X-ray absorptiometry (DXA)

Due to differences in tissue attenuation of X-ray
photons, DXA enables quantification of the body
compartments:

+ lean mass (bone-free and fat-free mass);
. fat mass;
+ bone mass.

Lean mass not only represents skeletal muscle but
also includes other tissue components such as connec-
tive tissues, tendons, and skin. DXA cannot differentiate
muscle from water [17]. Therefore, DXA overestimates
the muscular mass conditions with fluid retention, such
as decompensated heart failure and liver cirrhosis [18].

To mitigate the effect of fluid retention on lean
body mass, both appendicular (arms and legs) and
upper limb lean masses have been proposed as a tool
to assess muscle mass in patients with ascites. This
approach (appendicular skeletal muscle measure-
ment) excludes the abdominal compartment con-
taining ascites and may therefore be helpful in pa-
tients with cirrhosis [19].

Low lean mass and appendicular limb lean mass
(ASM), assessed by DXA, predict muscle weakness
and reduced mobility but are not associated with
mortality [20]. Muscle mass needs to be indexed to
body habitus. Muscle mass (ASM or skeletal muscle
mass (SMM)) needs to be adjusted by height [2],
weight, or body mass index (BMI) [17].

The appendicular skeletal mass index (ASMI), ad-
justed by height, is calculated as follows [17]:

Appendicular skeletal mass index (ASMI) =
Appendicular skeletal mass (kg)
height (m) x height (m)
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TABLE 1. Clinical tests and questionnaires recommended by the EWGSOP for the assessment of sarcopenia

1. Assessment of muscle strength

The EWGSOP recommends two measurements to assess muscle strength: grip strength and the chair stand test.

1. Grip strength is recommended for several reasons:
functional limitations, and extended hospital stays [8].

healthcare [8, 86—88].

— Low grip strength is a strong predictor of adverse outcomes such as mortality, poor health-related quality of life, increased
— Measuring grip strength is cheap and straightforward, thus suitable for routine use in hospital practice, as well as in community

— Grip strength is measured using a calibrated handheld dynamometer under strictly defined test conditions. Normal reference values
derived from appropriate reference populations have been provided [89].

2. The chair stand test

the test [4].

—The chair stand test is used as a proxy for the strength of the quadriceps muscle group.
—The chair stand test measures a patient’s time to rise five times from a seated position. The patient is not allowed to use the arms during

—The chair stand test performance requires both strength and endurance from the patient.

II. Physical performance

The EWGSOP defines physical performance as “an objectively measured whole-body function related to locomotion”.

This multidimensional concept involves not only the skeletal muscles but also central and peripheral nerve function [4, 14].
The EWGSOP 2019 consensus paper propagates four tests to quantify physical performance: gait speed, the 400-m walk test,
the Timed-Up and Go test (TUG), and the Short Physical Performance Battery (SPPB) [4]:

1. Gait speed

of < 0.8 ms™" to indicate severe sarcopenia [4].

— Gait speed is considered a highly reliable, quick, and safe test for sarcopenia [88].

— In patients with sarcopenia, gait speed is a predictor of adverse outcomes such as sarcopenia-induced disability, need for
institutionalization, cognitive impairment, falls, and mortality [90].

—The 4-m usual walking speed test is usually used to measure the gait speed. The EWGSOP2 recommends a single cut-off speed

2.The SPPB

—The SPPB is a composite test combining gait speed measurements, a balance test, and a chair stand test [88]. A maximum score
of 12 points can be obtained, with a score of < 8 points indicative of poor physical performance [3, 88].

3. Timed-Up and Go test (TUG)

back to sit down again [91].

The TUG test requires that the tested individuals rise from a standard chair, then walk to a marker 3 m away, turn around, and walk

4.The 400-m walk test

possible. Two rest stops are allowed during the test [4].

The 400-m walk test evaluates walking ability and endurance. The participants must complete 20 laps of 20 m, each lap as fast as

These four physical performance tests can be performed in most clinical settings. For practicality, the ENGSOP2 recommends the gait
speed to evaluate the physical performance to predict sarcopenia-related outcomes [92].

I1l. Quality of life questionnaire

and reliable tool [15].

SarQol questionnaire The SarQoL tool is a questionnaire for patients with sarcopenia and helps physicians assess the patient’s
perception regarding his or her physical, social, and psychological health [15, 16]. SarQoL identifies and predicts sarcopenia
complications that may impact the quality of life in the later stages of life. The SarQoL questionnaire has been validated as a consistent

2. Bioelectrical impedance analysis (BIA)

BIA does not measure ASM directly but esti-
mates muscle mass based on whole-body electri-
cal conductivity. The skeletal mass is determined
using a conversion equation, calibrated with a popu-
lation-specific reference of DXA-measured lean mass
[21,22].

BIA equipment is widely available, portable, and
affordable. Authors have stated that more valida-
tion studies regarding the prediction equations for
specific populations are required, and DXA remains
the preferable tool over BIA [22, 23].

Like DXA, the patient’s hydration status influ-
ences the BIA measurements.

3. Magnetic resonance imaging (MRI)

MRI can evaluate muscle quality and quantity.
MRI allows separation and accurate quantification
of the muscle compartments and fat distribution.
Detailed anatomical muscular changes can be de-
picted, including fatty degeneration, oedema, and
muscular atrophy [17].

MRI can be performed without administration
of contrast media due to its high soft-tissue contrast
and multiparametric characteristics [17].
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MR spectroscopy (MRS) can assess the chemical
composition of the muscles [24]. DIXON-based MRI
enables selective reconstruction of water signal-
only and fat signal-only images [25].

4. Ultrasound assessment of muscle

Recently, ultrasound has been introduced in
clinical practice to support diagnosing sarcopenia
in older adults. The EUGMS sarcopenia group ap-
proved a consensus protocol for muscle assessment
by ultrasound in 2018 [26].

It has been reported that non-contractile myo-
steatotic tissues present as hyperechogenic struc-
tures [27]. Thus, ultrasound allows the assessment
of muscle quantity and quality.

A systematic review concluded that ultrasound
is reliable for muscle size assessment in older pa-
tients, including those with comorbidity [28]. Fur-
thermore, it has been demonstrated that the va-
lidity of ultrasound-assessed muscle mass is good
when compared to DXA, CT, and MRI [4].

SECTION 3. ANTHROPOMORPHIC
ASSESSMENT BY COMPUTED
TOMOGRAPHY (CT) MEASURED
PSOAS MUSCLE AREA (PMA),
SKELETAL MUSCLE AREA (SMA),
AND MUSCLE QUALITY

A. Measurement of PMA, SMA, and muscle
quality

Assessment of PMA, SMA, and muscle quality
can be performed on abdominopelvic CT studies
and does not require additional radiation expo-
sure or supplemental iodine contrast administra-
tion. Measuring these variables only requires post-
processing the axial slice of interest using dedicated
post-processing software.

The EWGSOP recommends assessing PMA, SMA,
and muscle quality at the third lumbar vertebra
level [4]. It has been shown that total body skeletal
muscle mass correlates well with SMA, measured at
the third lumbar vertebra level [29].

A step-way approach to determine CT-acquired
PMI.

Step 1: Select the axial CT slice at the third lum-
bar vertebra level [4].

Step 2: Determine the region of interest (ROI) by
manually contouring the PMA or SMA [30] (Figure 2
Panel A).

Step 3: Afilter selects the voxels with CT attenua-
tion coefficients attributed to skeletal muscle within
the ROI. A filter setting with a threshold range of -
29 to 150 HU is commonly used to define the mus-
cle [31]. However, many researchers have used other
filter settings (e.g., the muscle was defined as vo-
xels with CT attenuation coefficients ranging from

0 Hounsfield units (HU) to 100 HU, within the ROI)
[30] (Figure 2 Panel B).

Step 4: The CT attenuation coefficients of all
voxels attributed to skeletal muscle (Step 3) are
averaged. This variable is usually called HUAC
(Hounsfield Units Attenuation Coefficient), PMHU
(psoas muscle Hounsfield units), and psoas muscle
density (PMD) in the medical literature.

Step 5: Fatty infiltration due to muscle degenera-
tion will reduce the HUAC, as adipocyte tissue has
a CT attenuation coefficient ranging from —190 to
-30 HU. Thus, lower psoas muscle HUAC represents
lower skeletal muscle quality. Alternatively, muscle
quality can be assessed by dividing the PMA or SMA
into low-density muscle (LDM) and high-density mus-
cle (HDM) by selecting the voxels, with a predefined
CT attenuation coefficient range for LDM and HDM,
within the ROI (Step 2) (Figure 2 Panel C) [30]. The dif-
ferent approaches of muscle quality quantification
are discussed in the section below.

B. Definitions of skeletal muscle mass

There is heterogeneity in the methods and defi-
nitions used to assess muscle volume from axial CT
slices (Figure 3). In a review of the radiological defi-
nitions of CT-measured sarcopenia in chronic liver
disease, the most commonly used descriptions were
listed as follows [17]:

Skeletal muscle index (SMI):

Total muscle area at of L3 level (cm?)
height (m) x height (m)

SMI =

Transverse psoas muscle thickness (TPMT):

Transverse psoas muscle thickness (mm)
height (m)

TPMT =

Psoas muscle index (PMI):

Total psoas muscle area at of L3 level (cm?)
height (m) x height (m)

Different indexing methods are used to adjust
the SMA and PMA to the body habitus. A frequently
used indexing method in research is adjusting to
squared height (h?). However, there is controversy
regarding the ideal indexing method for body habi-
tus. The EWGSOP explicitly states in its consent docu-
ment that it does not recommend whether PMA and
SMI should be adjusted to height? weight, or BMI [4].

Besides the issues mentioned above, comparison
between sarcopenia studies measuring CT-assessed
skeletal muscle quantity is often complex for other
reasons. Table 2 summarises the problems encoun-
tered comparing CT-acquired anthropomorphic data.

Muscle quality. Besides quantification of the
PMA, the psoas muscle CT-attenuation coefficient

247



Jeroen Walpot, Paul Van Herck, Caroline M. Van de Heyning, Johan Bosmans, Samia Massalha, Jodo R. Inacio, Hein Heidbuchel, Manu L. Malbrain

P 180

FIGURE 3. The different definitions used to assess sarcopenia. Panel A and B show the contouring of the region of interest to determine the psoas muscle
area (PMA) (green colour) and the skeletal mass area (SMI) (red colour), respectively. Panel C demonstrates the measurement of the transverse psoas muscle
thickness (TPMT) (white line)

TABLE 2. Difficulties comparing studies assessing sarcopenia by CT-measured skeletal muscle quantity and quality

1. Heterogeneity in the methods and definitions used to assess muscle volume from axial CT slices
— Skeletal muscle index (SMI), obtained by indexing total skeletal muscle area (SMA) to body habitus.
— Psoas muscle index (PMI) was calculated after adjusting psoas muscle area (PMA) to body habitus (usually to height?).
—Transverse psoas muscle thickness (TPMT).
— Occasionally, the muscular erector spinae surface area has been measured.

2. Different indexing methods
— Comparison between studies is further complicated by different indexing methods used to adjust the SMA and PMA to body habitus.
A frequently used indexing method in research is adjusting to squared height (h?).
— However, there is controversy regarding the ideal indexing method for body habitus. The EWGSOP explicitly states in its consent
document that it does not recommend whether PMA and SMI should be adjusted to height2, weight, or BMI [4].

3. Selection of the axial CT slice for quantification of sarcopenia
—There is no agreement regarding the lumbar vertebral level at which SMA and PMA were measured among different clinical
studies. In the medical literature, studies have measured PMA at the lumbar vertebra L3, L4, or L5 levels.
— It has been reported that PMA and SMA at the L3 level strongly correlate with global skeletal muscle volume [29]. The current
EWGSOP 2019 consent document recommends assessing PMI and SMI at the third lumbar vertebra level [4].

4. Lack of use of study population-independent definitions and thresholds for sarcopenia
— Authors have emphasised that many studies searching for associations between PMA and clinical outcomes have divided
the study populations into PMA tertiles or quartiles rather than using study population-independent definitions and thresholds
for sarcopenia [31].
— Similarly, other studies have used the median HUAC of the study population as the threshold to divide the study population into
patients with high-density or low-density muscle mass.

5. Influence of gender and ethnicity
— Gender is a strong independent predictor of PMA, necessitating sex-adjusted reference values or sex-adjusted PMA subgroups

in studies searching for associations between PMA clinical outcomes.
—Thresholds for sarcopenia, derived from Western populations, cannot be extrapolated to an Asian population and vice versa due to
differences in body constitution and lifestyle [34, 37].
6. Different (T attenuation filter settings have been used to define skeletal muscle
— Different CT attenuation filter settings have been used to define muscle (e.g., 29 to 150 HU is commonly used to define
the muscle. However, other researchers have used other filter settings ranging from 0 to 100 HU).

muscle by setting the filter range from 29 HU to 150
HU [31] or from 0 HU 0 to 100 HU [30], depending on

can also be measured, allowing qualitative skeletal
muscle assessment. In myosteatosis, fatty infiltration
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will reduce the average psoas muscle attenuation
coefficient, as adipocyte tissue has a CT attenuation
coefficient ranging from -190 to -30 Hounsfield
units (HU). In part 3A, we described how CT attenu-
ation filters select the voxels representing skeletal

the definition of muscle. Similarly, the psoas muscle
can be divided into low-density muscle (LDM) by
selecting the muscle voxel with low CT attenuation
coefficient (e.g., CT attenuation coefficients ranging
from 0 to 29 HU, and high-density muscle (HDM),
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TABLE 3. Reference values for sarcopenia set by different organizations

A. EWGSOP (European Work Group of Sarcopenia in Older People) (2019):
Thresholds for skeletal muscle mass by DXA. The thresholds for CT-assessed SMI were obtained from the relevant

references in the ENGSOP consensus document.

Imaging modality mm Reference

DXA ASMI: 7.0 kg m=2 ASMI: 5.5 kg m= 4

SMI* (L3) SMI: 41.6 cm* m™? SMI: 32.0cm?m™ 32
MRA: 29.3 HU MRA: 22.0 HU

SMI* (L3) SMI: 45.4 cm? m~2 SMI: 34.4 cm? m™? 33
MRA: 38.5 HU MRA: 34.3 HU

PMI(L3) 3.74m?’m> 2.29m?’m 34

PMI(L3) 6.36 cm*m™2 3.92m*m 36

C. The North American Working group on Sarcopenia in Liver Transplantation: definition of sarcopenia in patients

with ESLD (end-stage liver disease)
SMI(13) | sMi<s0amm

SMI <39 cm?>m™? 35

DXA — dual-energy X-ray absorptiometry (DXA), ASMI — appendicular skeletal mass index, SMI — skeletal muscle index, PMI — psoas muscle index

*The EWGSOP refers to both those publications in its consensus document [4].

by using a filter setting, selecting the voxel with

a CT attenuation coefficient ranging from 30 HU to

100 HU) [30] (Figure 2, Panel C).

In summary, concepts encountered in the medical
literature to describe CT-acquired muscle quality are:
1. PMD (psoas muscle density): the CT-attenuation

coefficient of the psoas muscle, obtained by aver-
aging the CT-attenuation coefficients of the voxels
of the psoas muscle; also called muscle radia-
tion attenuation (MRA), average HUAC (average
Hounsfield units attenuation coefficient) or PMHU
(psoas Hounsfield units) by others.

2. LDM (low-density muscle): defined as the PM por-
tion with a low CT attenuation coefficient; other
researchers used the median HUAC to divide
the study population into LDM and HDM (high-
density muscle); other studies defined patients
in the lowest HUAC tertile or quartile of the study
population as patients with poor muscle quality).

Reference values for sarcopenia using
skeletal muscle CT attenuation

Reference values. The European Working Group on
Sarcopenia in Older People (EWGSOP) has established
thresholds for sarcopenia, obtained by dual-energy
X-ray absorptiometry (DXA): appendicular skeletal
mass index (ASMI) 7.0 kg m2and 5.5 kg m™2, for males
and females, respectively [4]. The EWGSOP considers
CT and MRI-measured SMl and PMA as the gold stan-
dard for muscle mass quantification, but meanwhile
states that these imaging modalities should be rec-
ommended for research purposes rather than daily
clinical practice [4]. The EWGSOP refers to the stud-
ies by van der Werf et al. [32] and Derstine et al. [33]
for reference values of PMl and SMI (Table 3).

Patients with hepatic disease frequently un-
dergo serial CT examinations. Given the availability
of CT imaging in this clinical condition, the utility
of PMI and SMI to predict outcomes in hepatic dis-
ease has been extensively studied. The Japanese
Society of Hepatology [34] and the North American
Working Group on Sarcopenia in Liver Transplanta-
tion [35] have established their cut-off values of sar-
copenia for PMI or SMI. Thresholds for sarcopenia
in the Asian population have been proposed [36].
Table 3 lists these reference values.

Gender-specific reference values. Gender is a strong
independent predictor of PMI, requiring sex-adjusted
PMI reference values.

Influence of ethnicity. It has been emphasised that
the cut-off values for sarcopenia from Western studies
cannot be extrapolated to Asian populations due to
differences in lifestyle, body size, and ethnicity [34, 371.

Aetiology of sarcopenia. Some reviewers sug-
gested that studies to define sarcopenia in hepatic
disease should also be conducted according to
the aetiology of the disease [17].

Technical aspects influencing sarcopenia
assessment by CT psoas muscle attenuation
and correlation with other tools to diagnose
sarcopenia

Technical aspects of the CT-scanning proto-
col, such as tube current, slice thickness, and dye
administration, influence the CT-measured PMA
[17,38,39]. Table 4A summarises and explains the im-
pact of these technical considerations on the PMA
measurements. Table 4B summarises the critical
points about the correlation between CT-acquired
PMI and other diagnostic modalities for sarcopenia.
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TABLE 4. A) Technical aspects influencing sarcopenia assessment by (T psoas muscle attenuation. B) Correlation between CT muscle
assessment and other diagnostic modalities to diagnose sarcopenia

A.Technical aspects influencing sarcopenia assessment by CT psoas muscle attenuation

1. Reproducibility of PMA measurements. The semi-automated measurements of PMA have excellent inter-reader and intra-reader

agreement [93].

2. Tube current. Tube current influences the X-rays’ energy. Lower tube current will result in lower energy of the X-rays with higher
attenuation of the body tissues. Tube current reduction from 140 kV to 80 kV will result in a 5.2% reduction in total skeletal muscle
index (SMI) [38]. Given the ALARA (as low as reasonably achievable) principle in the state of the medical imaging to reduce
the radiation load of the patients, most medical centres will not use scanning protocols with a fixed tube current.

thickness will reduce the SMI by 1.9% [39].

3. Slice thickness. PMA is influenced by slice thickness. Compared to a slice thickness of 10 mm, PMA assessment on a 2 mm slice

(T-assessed sarcopenia [4].

4. Contrast administration. Differences in iodine contrast administration will result in different HUAC of the muscle [17].

B. Correlation between CT muscle assessment and other diagnostic modalities to diagnose sarcopenia

5. Correlation between CT muscle assessment and physical assessment. Radiological assessment does not necessarily reflect
physical performance or muscular strength. In end-stage liver disease, handgrip was a stronger predictor of mortality than

of skeletal muscle mass on CT and MRI are interchangeable.

6. Comparison between CT and magnetic resonance imaging (MRI). An excellent agreement between CT and MRI measurements
of skeletal muscle mass at the level of the L3 vertebra has been demonstrated [93]. It has been advocated that the measurements

a paediatric population [96].

7. Correlation between CT-measured PMI and assessment by BIA. CT measured PMI is in accordance with BIAFFMI (fat-free
mass index) (1CC0.73) and BIAASMI (appendicular skeletal muscle index) (ICC 0.69), but not with mid-upper arm muscle
circumference (MAMC) (1CC0.37) [94]. Ito et al. found a positive correlation between (T-assessed PMI and BIA-measured SMI [95].
Ashton et al. demonstrated a significant positive correlation between (T-measured PMA and BIA-derived fat-free mass in

Deep machine learning

Artificial intelligence (Al)-based software to
determine PMI and PMD has been developed.
An Al-based analysis demonstrated that skeletal
muscle density at L3 was associated with progres-
sive aortic enlargement in patients with Marfan
disease [40].

Wang et al. demonstrated that deep learning
techniques enable automated quantification of
PMI on CT images in patients with liver cirrhosis.
Furthermore, these automated PMI measurements
were predictive of mortality [41].

Van Erck et al. demonstrated that fully automatic
assessment of PMA at the L3 level in CT images is
feasible and stated that“it is a reliable tool that of-
fers great opportunities for analysis in large scale
studies and in clinical applications” [42].

SECTION 4. PMA ASSESSMENT IN CLINICAL RESEARCH

This section summarises the findings of stud-
ies searching for correlations between PMI/SMI
and outcomes after medical procedures. In Med-
line, the search term “psoas muscle and outcome”
showed 931 hits in October 2021. Approximately
300 studies generating outcome data in different
areas of medicine were found. The results were
clustered according to the underlying disease or
circumstance in which the CT studies were per-
formed: cardiac disease, peripheral vascular disease,
trauma, patients in the Emergency Department or

ICU, patients undergoing major non-cardiovascular
non-oncological surgery, post-transplantation pa-
tients, patients undergoing oncological surgery, and
patients with internal diseases, as well studies per-
formed in a paediatric population.

A.PMA assessment in patients with cardiac

disease

The medical literature on studies using PMA to
assess the outcomes of patients with cardiovascu-
lar disease consists of 31 studies and can arbitrarily
be divided into patients undergoing transcatheter
aortic valve replacement (TAVR) (17 studies) and pa-
tients not undergoing TAVR (14 studies). Table 5 lists
these studies, with the main results and the number
of patients included.

1. Assessment of PMA in patients undergo-
ing TAVR. According to the ESC guidelines, TAVR is
an appropriate treatment for severe symptomatic
aortic stenosis in older patients (> 75 years), or in
those who are high risk or unsuitable for surgery [43].
Frailty assessment is mandatory for candidates for
a TAVR procedure. A study demonstrated that low
PMI was associated with all-cause and cardiac mortal-
ity in females. The 1-year adjusted cardiac mortality
HRs in females in the high-PMI and mid-PMI range
were 0.40 and 0.14, respectively [31]. Similar effects
were observed for 2-year and 30-day cardiac and all-
cause mortality. When PMI was added to surgical risk
scores, the predictive value for 1-year mortality was
improved in females [31].
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TABLE 5. Psoas muscle area and/or attenuation variables and outcome after cardiac intervention

A. Post TAVR

Year & Reference | Number of patients | Study results Association (Y/N)

Neither PMA (P = 0.123) nor PMI (P = 0.271) was associated with
prolonged LOS.

2016, 208 patients undergoing | — PMA was lower in non-survivors compared with survivors among Yes
Mamane et al. [97] TAVR women (P = 0.047) but not men (P =0.50).
— PMA was a predictor of all-cause mortality in women after adjustment for
Society of Thoracic Surgeons risk (HR 0.88 per cm? 95% Cl: 0.78—0.99).
2016, 295 patients undergoing | — Preoperative STS score (OR 91.1; P=0.02) and PMA (OR 0.5; P=0.024) Yes
Paknikar et al. [98] TAVR were associated with adverse outcome.
— 2-year survival was 85.7% and 93.8% in patients with and without
sarcopenia, respectively (P = 0.02).
— MPA was an independent predictor of late survival (HR 0.47; P=0.02).
2017, 152 patients undergoing | — PMA indexed to BSA (OR 3.19, 95% Cl: 1.30-7.83; P=0.012) and age Yes
Gargetal. [99] TAVR (OR 1.92,95% Cl: 1.87—1.98; P=0.012) predicted early poor outcome.
STS score predicted 1-year mortality (HR 3.07, 95% Cl: 1.93-6.23;
P=0.011).
— High-resource utilization was observed more frequently in patients with
PMA less than the median (73% vs. 51%, OR 2.65; P = 0.006).
2018, 403 patients undergoing | Patients with the lowest PMA exhibited the highest hazard of mortality. Yes
Foldyna et al. [100] TAVR
2018, 153 patients undergoing | In the receiver operating characteristic analysis, PMA and psoas muscle Yes
Kleczynski et al. [101] TAVR volume (PSV), were good predictors of 12-month all-cause mortality
after TAVI.
2018, 82 patients after heart | — At baseline, mean PMA was 25.7 cm in men and 16.0 in women and Yes
Bibas et al. [102] transplant with abdominal |  decreased by 8% from the first to the last available CT scan.
(T scan available — Adjusting for age, sex, BMI, and cardiomyopathy aetiology, every
1-cm increase in PMA was found to be associated with a 9% reduction
in long-term mortality (HR 0.91; P=0.031) and a 17% reduction in
in-hospital mortality or major morbidity (OR 0.83; P =0.014). When
PMA < the sex-specific median, the risk of mortality or major morbidity
increased fourfold (OR 4.29; P = 0.026).
2018, 470 patients undergoing | — The STS predicted risk of mortality alone was poorly predictive of 1-year No
Hebeler et al. [46] TAVR mortality (AUC0.52).
— Albumin was significantly associated with increased risk for 1-year
mortality (P =0.03). PMA was not significantly associated with
increased risk for 1-year mortality.
2019, 583 patients undergoing | Low iPMA was associated with cardiac and all-cause mortality in females. Yes
van Mourik et al. [31] TAVR 1-year adjusted cardiac mortality HR in females for mid-iPMA and
high-iPMA were 0.14 and 0.40 respectively. Similar effects were observed
for 30-day and 2-year cardiac and all-cause mortality. In females,
adding iPMA to surgical risk scores improved the predictive value for
1-year mortality.
2019, 1076 patients undergoing | PMAI at the level of L4 (OR 0.049, P = 0.013) was independently Yes
Koffler et al. [44] TAVR associated with 30-day mortality. During a median follow-up
of 435 days 27.1% of patients died. PMAi of L4 (HR 0.083, P < 0.001) was
independently associated with mortality during follow-up. The addition
of PMA to the STS score led to a net reclassification improvement for
30-day and cumulative mortality.
2019, 381 patients undergoing | Sarcopenia of the psoas muscles was associated with an increased risk Yes
Krishnan et al. [103] TAVR of mortality in univariate (HR 2.3, P=0.01) and multivariate (HR 2.5,
P=0.01) analysis.
2020, 182 patients undergoing | Patients with prolonged LOS had a higher STS score (P < 0.001) and Yes
Tzeng et al. [104] TAV significantly lower PMD (P < 0.001) than those with LOS < 14 days.
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2020,
Michel et al. [47]

1731 patients undergoing
TAVR

Unadjusted survival by PMA quartile was significantly different in men
(log rank P = 0.041) but not women (P = 0.099). In Bonferroni-adjusted
multivariate analysis, PMA quartiles were not significantly associated with
mortality.

No

2020,
Koizia et al. [105]

60 patients undergoing
TAVR

Psoas-lumbar vertebral index was 0.61, with a lower value in the frail
group. There was no statistically significant correlation between the psoas
measures, mean Reported Edmonton Frail Scale (REFS) score and
mortality. A statistically significant relationship between the psoas size
and REFS score (P = 0.043) was found.

Yes

2020,
Waduud et al. [45]

420 patients undergoing
TAVR

Standardised measurements of the PMA were not associated with either
postintervention morbidity or mortality. There were no significant
correlations between TPMA and any of the traditional frailty tools.

No

2021,
Uchida et al. [106]

71 patients undergoing
TAVR

PMI was calculated as volume/height? (cm® m~). According to the gender-
specific median value of PMIs, the enrolled patients were divided into two
groups.

The proportion of MACE-free survival was significantly lower in the low
PMI group (log-rank P = 0.033), mainly due to the difference of hospital
readmission for congestive heart failure. On multivariate Cox proportional
hazard analysis, PMI remained an independent negative predictor of MACE
(HR0.95, P=10.002).

Yes

2021,
Furzan et al. [107]

245 patients undergoing
TAVR.

Patients with PI (PMA/BSA) < 4 cm? m~ and psoas muscle density

PD < 25 Hounsfield units (HU) were less likely to survive and to be
discharged home compared with patients with Pl > 4 cm? m~2 or PD

> 25 HU. After repeating the propensity score matching with Pl as

a covariable, PD remained associated with mortality (90 days: OR 4.59;
P <0.001, 1year: OR 6.14; P=0.01, 3 years: OR 4.55; P = 0.03).

Yes

2021,
Walpot et al. [30]

94 patients undergoing
TAVR

PMD (mean (T attenuation coefficient of the psoas muscle (Psoas mean
HU), low-density muscle (LDM) (0—29 HU) and high-density muscle
(HDM) (30—100 HU)) was measured.

Compared with patients with the lowest LDM (%), patients in the third
and second tertiles had an increased hazard ratio for mortality (HR 2.871
and HR 5.044, respectively) in a multivariable model with EuroSCORE I,
Barthel frailty index and LDM (%) (P =0.231, 0.097 and 0.019,
respectively). HDM/LDM and Psoas mean HU (as continuous variable) were
also independent predictors of all-cause mortality (P =0.019, P=0.013,
respectively).

B. Post-CABG or implantation of an LVAD assist device.

Yes

of the cohort (P = 0.0016) after adjusting for significant covariates.

2016, 333 patients who — The primary outcome of inpatient death or prolonged length of stay Yes
Herbertsonetal.[48] | underwentimplantation occurred in 81% and 60% of patients with CT measured PMA sarcopenia
of an LVAD. and non-sarcopenia, respectively (P = 0.043).
— A trend toward prolonged length of stay in sarcopenic patients but no
difference in overall mortality was observed.
2016, 82 patients undergoing | Postoperative LOS was correlated with PMA (R =—0.47, P =0.004). Yes
Zuckermanetal.[52] | cardiosurgical procedures | After adjustment for the predicted risk of prolonged length of stay (LOS),
age, sex, and body surface area, PMA remained significantly associated
with LOS (B =-2.359).
2018, 240 patients after aortic | — Patients were stratified by sarcopenia status, defined as PMI < 25® Yes
Hawkins et al. [53] valve replacement sex-specific percentile.
— Patients with sarcopenia had higher 1-year mortality (31.9% versus
16.9% P = 0.03). PMI significantly predicted risk-adjusted 1-year
mortality (OR 0.84, P = 0.02) and long-term mortality (HR 0.92,
P =0.04), as well as risk-adjusted major morbidity.
2019, 428 patients undergoing | Multivariable analysis: PMA, as a marker of sarcopenia, was an independent Yes
Okamura et al. [54] heart valve surgery predictor for decreased survival (HR 2.22; 95% Cl: 1.26-3.92; P = .006).
2019, 160 patients with heart | Sarcopenia, defined as low skeletal muscle mass measurement, had Yes
Lopez et al. [49] failure 4.5 times the risk of all-cause mortality at 1 year compared to the rest
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the highest risk of all-cause death (HR: lowest 3.666 to highest 6.002),
and patients with neither low SMDs nor muscle dysfunction had
the lowest risk of all-cause and cardiovascular-related events.

2019, 664 patients undergoing | Psoas muscle attenuation (MA) was measured as metrics of sarcopenia Yes
Yamashita et al. [55] cardiovascular surgery | (low MA defined as below median). On multivariate Cox regression
analysis, sarcopenic obesity was associated with increased risk of mortality
after adjusting for EuroSCORE (HR 3.04).
2019, 138 Haemodialysis- According to the PMI, the study population was divided into Yes
Kurumisawa et al. dependent patients who | the sarcopenia group and the non-sarcopenia group.
[56] underwent cardiac surgery | Overall, in-hospital mortality did not differ between the sarcopenia and
non-sarcopenia groups. Sarcopenic patients had significantly decreased
long-term survival. Multivariate analysis revealed that low PMI was an
independent predictor of long-term mortality (HR 1.92; P < 0.01).
2020, 1068 patients with CVD | Reduced psoas muscle density (PMD) was associated with postoperative Yes
Yamashita et al. [108] undergoing surgery mortality and added information prognostic for mortality to the existing
prognostic model in CVD patients.
2020, 304 patients undergoing | Sarcopenia was defined as the lowest sex-specific quartile of the PMI Yes
Okamuraetal.[109] | elective isolated off-pump | (PMA normalised for height).
CABG Multivariable analysis showed that preoperative sarcopenia was an
independent predictor of late mortality (HR 4.25; P < 0.001). Preoperative
sarcopenia was not associated with major adverse cardiac and
cerebrovascular events during follow-up.
2020, 56 patients undergoing | A smallerindexed erector spinae muscle (ESM) cross-sectional area Yes
Taniguchietal. [57] | aorticvalve replacement | (per1cmm 0R:0.71; P < 0.01) was identified as an independent predictor
(AVR) for prolonged hospitalization. Indexed PMA was not statistically significant.
2020, 412 patients undergoing | A multivariable analysis showed that low TPl and high intra-muscular Yes
Kiriya et al. [58] cardiac surgery adipose tissue content (IMAC) significantly predicted more major
complications than other combinations (OR 2.375; P=0.036, OR 3.973;
P=0.001).
2020, 210 consecutive patients | HFpEF patients with reduced PMI had significantly higher cardiac death Yes
Matsumura et al. aged = 60 years with acute | rates than those with preserved PMI (38% vs. 16%, log-rank test
[110] heart failure P =0.006). HFrEF patients had comparable cardiac death rates regardless
of their PMI group (log-rank test P = 0.24). The multivariate Cox model
revealed that patients with reduced PMI had a 2.3-fold higher risk
of cardiac death compared with patients with preserved PMI (P=0.01).
Matsumoto, 132 consecutive patients | The multivariate Cox proportional hazards model revealed that reduced Yes
etal.[51] with non-ST-segment— | PMI was a statistically significant predictor of cardiovascular events
elevation myocardial (HR 3.30; 95% Cl: 1.70—6.40; P < 0.001).
infarction
2021, 392 patients afteracute | Multiple linear regression analysis revealed that female sex, BMI, and Yes
Funamizu et al. [50] decompensated heart E/e; but not LVEF, were independently associated with PMI (cm? m=2).
failure (ADHF) Kaplan-Meier analysis showed low PMI was associated with higher rate
of composite endpoint of all-cause death and ADHF re-hospitalization
(P=0.033). Cox proportional hazard model analysis identified that
low PMI, but not BMI, was an independent predictor of the composite
endpoint (HR 1.52, P=0.024).
2021, 853 patients who Low skeletal muscled density (SMD) based on transverse abdominal CT Yes
Yamashitaetal.[59] | underwent cardiovascular | images was defined as a mean Hounsfield unit of the psoas muscle < 45.
surgery Low SMDs combined with each definition of muscle dysfunction had

Another study, including 1076 patients under-
going TAVR, demonstrated that PMI at level L4 (HR
0.083, P < 0.001) was independently associated
with mortality during the follow-up. Adding PMI to
the STS score resulted in a net reclassification im-
provement for cumulative mortality [44].

A study including 94 patients undergoing TAVR
with a median follow-up of 5 years showed that
LDM (%), defined as the psoas muscle fraction with
muscle attenuation ranging from 0 to 29 HU, was
an independent predictor of all-cause mortality af-
ter TAVR in a multivariable model with EuroSCORE ||
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and the Barthel frailty score. Compared to patients
in the first LDM (%) tertile, patients in the third and
second tertile had a hazard ratio (HR) of 2.871 and
5.044, respectively [30].

Of the 17 studies searching for a correlation be-
tween outcomes after TAVR and PMI (or PMD), only
three studies failed to demonstrate a significant as-
sociation [45-47].

2. Assessment of PMA in other cardiac condi-
tions. Herbertson et al. observed that in patients
undergoing left ventricular assist device (LVAD)
implantation, the composite primary outcome
of prolonged stay and inpatient death occurred in
81% and 60% of patients with PMI measured sarco-
penia and non-sarcopenia, respectively (P = 0.043).
A trend toward a prolonged stay was observed in
sarcopenic patients, but no difference in overall
mortality was seen [48]. Another study, including
160 patients with heart failure, showed that sar-
copenia, defined as low SMI, was associated with
a 4.5-fold risk of all-cause mortality at 1 year com-
pared to the rest of the cohort (P = 0.0016) [49].
Funamizu et al. found that low PMI was a predictor
of adverse outcomes (mortality and rehospitalisa-
tion rate) in patients after the first episode of acute
heart failure (HR 1.52, P = 0.024) [50].

In patients suffering from a non-ST elevation
myocardial infarction, a reduced PMI was a statisti-
cally significant predictor of cardiovascular events
(HR 3.30; P < 0.001) [51].

Several studies have found associations be-
tween PMI and outcome after CABG or valve sur-
gery, with low PMI predicting unfavourable out-
comes [52-59].

B. PMA assessment in patients with peripheral

vascular disease

A study including 135 patients undergoing en-
dovascular aortic replacement (EVAR) demonstrated
that the 5-year mortality was highest in patients
with the lowest PMA tertile (odds ratio [OR]: 3.9) [60].
Another study, including 407 patients undergoing
EVAR, obtaining similar results, revealing that lower
PMA was associated with decreased survival (ad-
justed HR = 1.68; P = 0.006) [61].

Pizzimenti et al. demonstrated that sarcopenia,
defined as PMI < 5.5 cm?m~in men and < 4.0 cm? m™
in women, was associated with significantly in-
creased 30-day mortality and 30-day morbidity
compared to the non-sarcopenic group (P =0.015
and P < 0.001, respectively) in patients with critical
limb-threatening ischaemia [62].

Gomibuchi et al. conducted a study that includ-
ed 324 patients with acute type A aortic dissection
undergoing aortic replacement. The 5-year survival
was significantly worse for the group of patients
with intramuscular fat (IMF) deposition (IMF 73.8%

vs. non-IMF 88.2%; P = 0.010). The multivariable Cox
analysis showed that IMF deposition was a statisti-
cally significant predictor of poor survival (HR = 3.26;
P =0.004), unlike PMI [63].

Supplemental Table 1 lists the studies that
searched for associations between PMI and out-
come in patients with peripheral vascular disease.

C.PMA assessment in patients with trauma

Several studies have demonstrated an associa-
tion between CT-measured PMI and outcome after
trauma. Touban et al. found in a series of 558 el-
derly patients that small PMA was associated with
increased 1-year mortality (HR = 0.93, P < 0.0001).
Sex stratification revealed a statistically significant
mortality HR of 0.89 (P = 0.002) in male but not in
female patients (P = 0.103) [64].

A study including 405 trauma patients aged
> 65 years old and with Injury Severity Scores above
15 showed that sarcopenia, determined by measur-
ing PMI, was significantly associated with higher
mortality (OR = 2.20; P = 0.027) [65].

Cho et al. performed a study that included 179
patients with brain injury. It was found that PMI was
statistically significant as a risk factor for mortality
(P =0.023; OR = 0.715). A statistically significant
correlation was found between PMI and Glasgow
Outcome Scale (GOS) score (correlation coefficient,
0.168; P =0.003) [66].

Supplemental Table 2 lists the studies searching
for associations between PMI and other CT-mea-
sured anthropomorphic variables and outcomes in
trauma patients.

D. PMA assessment in patients in the ICU/Emer-

gency Department

This section will discuss studies that searched
for CT-acquired sarcopenia variables and the out-
come of patients in the Emergency Department
and ICU. The selection of the studies in this section
required that authors explicitly focus on staying in
the Emergency Department or the ICU. Fifteen stud-
ies were found, and their main results are listed in
Table 6.

Kobori et al. reported that PMA and PMI were
larger in the extubation success group than in the ex-
tubation failure group (P =0.022 and P = 0.032, re-
spectively) [67].

A study including 264 older adults who under-
went emergency laparotomy showed that PMI, PML3
(vertebral body : psoas muscle ratio at level L3), and
PBSA (PMA indexed to body surface area) were all
associated with mortality (P < 0.001), but PML3 was
superior to PMI or PBSA [68].

Lee et al. included 274 patients with sepsis and
found that muscle mass depletion, determined by
PMA measurements, was independently associated
with 28-day mortality (OR = 2.79; P=0.01) [69].
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TABLE 6. Psoas muscle area and/or attenuation variables and outcome after Emergency Department/ICU

Year & Reference Number of patients | Study results Association
(Y/N)
2017, 297 patients with (T measured sarcopenia was independently associated with increased in- Yes
Rangel etal. [111] emergency abdominal hospital mortality (risk ratio: 2.6; 95% Cl: 1.6—3.7) and mortality at 30 days
surgery patients and (HR 3.7; 95% Cl: 1.9-7.4), 90 days (HR + 3.3; 95% Cl: 1.8—6.0), 180 days
available preoperative (HR 2.5;95% Cl: 1.4—4.4), and 1 year (HR 2.4; 95% Cl: 1.4-3.9).
imaging and height
2018, 259 patients after — Sarcopenia was assessed by PMA and psoas density on preoperative CT. Yes
Trotter et al. [112] emergency laparotomy — Sarcopenia measured by psoas density was associated with increased
mortality compared with patients who did not develop sarcopenia at
30 days (P < 0.001; OR 4.42) and at 1 year (P < 0.001; OR 6.05).
An increase in mortality was seen in patients with sarcopenia measured
by PMA at 30 days (OR 2.71; P=0.013) and at 1 year (OR 2.82, P < 0.001).
2018, 274 patients with sepsis | Muscle mass depletion measured by PMA was independently associated Yes
Lee et al. [69] with 28-day mortality on multivariate logistic analysis (OR 2.79; P = 0.01).
2018, 967 patients with urgent | Multivariate analysis found that patients in the lowest quartile of PMA had Yes
Francomacaro et al. [113] exploratory laparotomy higher mortality and complication rate, were less likely to be discharged
home, were more likely to undergo unplanned re-operation, and had
alonger length of stay.
2019, 150 elderly patients Sarcopenic patients had a higher 90-day mortality (60.5%) than non- Yes
Brandtetal. [114] undergoing emergency sarcopenic patients (36.6%) (OR 2.66, P = 0.01). Multivariate logistic
abdominal surgery regression: sarcopenia was independently associated with 90-day mortality.
2019, 152 patients undergoing | Sarcopenia was defined as the lowest sex-specific quartile of PMI. Yes
Hamidi et al. [115] emergency general surgery | On regression analysis, sarcopenia was an independent predictor of minor
complications (OR 1.8) and discharge to rehab (OR 1.9) No association with
major complications, mortality, 30-day complications, readmissions, and
mortality was found.
2019, 96 patients undergoing Multivariate logistic regression: sarcopenia was an independent risk factor Yes
Kou et al. [116] mechanical ventilationin | for difficult-to-wean (DtW) and ICU mortality. The AUC of ROC curve of PMA
the surgical intensive care | for predicting successful weaning was 0.727 and 0.720 in female and male
unit (ICU) patients, respectively. After combining MPA and conventional weaning
parameters, the AUC for DtW increased from 0.836 t0 0.911 and from
0.835 0 0.922 in female and male patients, respectively.
2020, 96 critically ill surgical PMA is a protective factor for ICU mortality (OR 0.99, P = 0.0269). Yes
Zhangetal.[117] patients Sarcopenia, based on PMA assessment, increased the risk of ICU mortality
(OR3.73, P=0.0167). Discrimination of ICU mortality was significantly
higher using SOFA (AUROC, 0.7810) than either PMA (AUROC, 0.7023)
or APACHE Il score (AUROC, 0.7447). The combined PMA with SOFA ROC
(AUROC, 0.8647) was the highest when compared to the models.
2020, 264 older adults underwent | Psoas major was measured at the L3 level and normalised to height (psoas Yes
Simpson et al. [68] emergency laparotomy muscle index, PMI), L3 vertebral body (psoas muscle: L3 ratio, PML3) or
body surface area (psoas: body surface area, PBSA). A multivariate analysis
confirmed each method of psoas major calculation (P < 0.0001) to be
associated with mortality. PML3 is superior to PMI or PBSA.
2020, 89 patients with pulmonary | The increase in the value of psoas muscle area is associated with a decrease in Yes
Akkocetal. [118] embolism requiring the rate of in-hospital mortality. In patients with in-hospital mortality related
ICU stay to pulmonary embolism, the higher PESI and the lower value of psoas muscle
area were considered in accordance with the outcome of patients.
2021, 99 adult patients, PMA normalised for height was used to determine sarcopenia. Yes
Hung et al. [70] undergoing an abdominal | Splenic abscess patients with sarcopenia were 7.56 times more at risk of
contrast (T scaninthe ED | in-hospital mortality than those without sarcopenia (multivariate-adjusted
with the final diagnosis | HR 7.56). Presence of sarcopenia was found to have 84.62% sensitivity and
of splenic abscess 96.49% negative predictive value in predicting mortality.
2021, 37 citically ill patients No significant influence on hospital length of stay or on 6-month mortality No

Malle etal. [119]

from the VITdAL-ICU trial
with available abdominal
(T scans

was found, irrespective of the morphometric parameter used (PMA, PMD,
skeletal muscle index [SMI], bone mineral density [BMD]) (P > 0.05).
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Year & Reference Number of patients | Study results
(Y/N)

2020,

Kobori et al. [67]

391CU patients

PMA and PMI were greater in the extubation success group than in
the extubation failure group (P = 0.022 and P = 0.032, respectively).

Dreydemy et al. [121]

2021, 1192 elderly patients (T-measured muscle index (MI) and muscle gauge (MG) values were Yes
Tee etal. [120] (aged = 65 years) used. A low L4 psoas MG (PMG) value was an independent risk factor for
undergoing abdominal overall complications and mortality in elderly patients with abdominal
surgery emergencies.
2021, 162 critically ill trauma Both APMA and %APMA were higher in augmented renal clearance (ARC) Yes

patients without chronic
renal dysfunction

patients (P =0.010 and P = 0.008, respectively). Critically ill trauma
patients with ARC are characterised by a lower nitrogen balance and
increased muscle loss over the 10 first days after ICU admission.
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Hung et al. analysed 99 adult patients with
a documented splenic abscess on abdominal con-
trast CT scan. PMI was measured to determine sar-
copenia. Splenic abscess patients with sarcopenia
were 7.56 times more at risk of in-hospital mortality
than those without sarcopenia (adjusted HR = 7.56).
Sarcopenia has a sensitivity of 84.62% and a nega-
tive predictive value for mortality of 96.5% [70].

E.PMA assessment in patients undergoing

elective orthopaedic surgery

Studies have demonstrated that CT-acquired
skeletal muscle anthropomorphic measurements
predict the outcome after orthopaedic surgery.

A study including 395 patients undergoing
lumbar surgery showed that female and male pa-
tients with the lowest PMA tertile had an OR of 1.70
(95% Cl: 1.04-2.79, P = 0.035) and 2.42 (95% Cl:
1.17-5.01, P = 0.016) for postoperative complica-
tions and mortality, respectively [71].

Another study, examining 123 patients who had
undergone single-level lateral lumbar interbody fu-
sion, revealed that PMI was a predictor for achiev-
ing a substantial clinical benefit (SCB) in males and
females (OR = 1.251; P = 0.038 and OR = 1.795;
P =0.023, respectively). The optimal thresholds
of PMI for an SCB were 8.18 cm? m~ for males and
4.43 cm? m~2 for females [72].

Supplemental Table 3 lists the studies involv-
ing patients undergoing elective orthopaedic sur-
gery and summarises the primary outcome results
regarding the value of PMI and other CT-acquired
musculoskeletal variables to predict postoperative
adverse events.

F. PMA in the assessment of patients undergo-

ing transplantation

Supplemental Table 4 lists the 33 available stud-
ies examining the potential role of PMI/SMl in the risk
grading of transplant candidates. Especially in liver
transplantation (LT), many studies have sought cor-
relations between PMI/SMI and outcomes after LT.

Hammand et al. performed a study including
200 patients after adult-to-adult living donor liver

transplantation and found that low PMI was associ-
ated with significant postoperative complications,
postoperative bacteraemia, and poorer overall sur-
vival (OS) (P < 0.001) [73].

Another study, examining 115 patients after liv-
ing donor liver transplantation due to cirrhosis, re-
vealed that SMI was a predictor of 90-day mortality
(OR=0.83; P=0.016) [74].

The study of Wu et al., including 271 living-
donor liver transplant (LDLT) recipients, used a PMI
cut-off value of 2.63 cm? m~ as the threshold for
sarcopenia. The female cohort demonstrated that
the 1-, 3-, 5- and 10-year overall survival rates were
significantly better in the non-sarcopenia group
than in the sarcopenia group (P = 0.041) [75].

In a consensus document, the Japan Society
of Hepatology proposed a definition of sarcopenia by
recommending a threshold for PMI of 6.36 cm? m™2
in males and 3.92 cm? m=2 in females [76].

In a study including 95 patients with primary
lung transplantation, the adjusted Cox analysis
found an increased hazard for all-cause mortal-
ity (HR = 5.8, P < 0.01) and graft failure (HR = 14.7,
P < 0.01) in sarcopenic patients [77].

G.PMA in assessing patients undergoing ma-
jor non-cardiovascular and non-oncological
surgery

A study including 152 consecutive patients who
underwent open pancreatoduodenectomy showed
that the rate of significant complications was associ-
ated with PMI (OR = 0.605, P = 0.009), PMI-defined
sarcopenia (OR = 8.256, P = 0.000), and sarcopenic
overweight/obesity (OR = 7.462, P=0.002) [78].

Lo et al. performed a study including 100 pa-
tients after enterocutaneous fistula repair. They
defined the lowest interquartile HU attenuation
coefficient (HUAC) as the threshold for low muscle
quality (LMQ). LMQ was associated with 1-year leak
(P < 0.005), 1-year mortality (RR=2.22, P < 0.04) and
3-year mortality (RR =2.13, P < 0.007), complication
risk (P < 0.001), and dependent discharge (P < 0.004)
compared to patients without LMQ [79].
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Another study demonstrated that PMI-measured
sarcopenia is an independent predictor of a gastric
leak [80]. Supplemental Table 5 summarises all studies.

H. PMA in the assessment of patients undergo-

ing oncologic surgery

Supplemental Table 6 lists 72 studies examin-
ing the impact of skeletal muscle volume on out-
comes in patients undergoing oncological surgery
and reports the main results of these studies. Given
the preoperative tumour staging process, abdominal
CT axial slices, allowing PMI and SMI measurements,
are available in these patients.

A meta-analysis including 53 studies (14 295 pa-
tients) of patients undergoing oncological surgery an-
alysed the impact of the skeletal muscle area (SMA) on
the clinical outcome. Compared to measuring the to-
tal SMA, PMA measurements reported a lower preva-
lence of sarcopenia, 43% versus 33%, respectively [81].
Preoperative sarcopenia was associated with an in-
creased risk of severe postoperative complications
(OR=1.44, P < 0.001) and 30-day mortality (OR=2.15,
P <0.001). A low PMA was a stronger predictor for
severe postoperative complications than a low SMA
(OR =2.06 and OR = 1.32, respectively) and 30-day
mortality (OR=6.17 and OR = 1.80, respectively). This
effect was independent of tumour location [81].

Deng et al. reviewed the medical literature on pa-
tients surgically treated for non-small cell lung (NSCLC)
cancer and concluded that sarcopenia could be used
as a predictor of poor prognosis in surgically treated
NSCLC patients [82].

I.PMA in the assessment of patients with in-

ternal diseases

Supplemental Table 7 lists the studies examin-
ing the impact of skeletal muscle volume on out-
comes in patients with internal diseases and reports
the main results of these studies. Most studies were
performed on patients with malignancies or end-
stage liver disease (ESLD).

A systematic meta-analysis, including 20 eligible
studies, examined the impact of sarcopenia on out-
come in liver cirrhosis. 13 studies enrolled Western
participants, and the remaining seven included
Asian participants. This study reported a preva-
lence rate of sarcopenia of 48.1%. Sarcopenia was
more prevalent in males (61.6%) than in females
(36%). Poorer survival rates and an increased risk
of complications, such as infection, were observed
in sarcopenic patients compared to non-sarcopenic
patients. Furthermore, Asians had higher mortality
related to sarcopenia compared to Western partici-
pants [83].

A meta-analysis of 19 studies (1763 patients with
cancer treated with immune checkpoint inhibitors)
demonstrated that patients with sarcopenia at pre-
immunotherapy had poorer overall survival (OS) and

progression-free survival (PFS) than those without
sarcopenia. Furthermore, sarcopenic patients had
worse objective response rates (ORR) (P = 0.001)
and disease control rates (DCR) [84]. Sarcopenia,
determined by measuring SMI, was associated with
worse ORR, DCR, PFS, and OS than patients without
sarcopenia. However, patients with sarcopenia, de-
termined by measuring PMI, had poor ORR and DCR.
However, PMI measured sarcopenia was no prognos-
tic factor for PFS and OS [84].

J. PMA assessment in the paediatric population

Supplemental Table 8 lists the studies searching
for an association between CT-measured anthropo-
morphic variables and outcomes in severely ill chil-
dren. The global trend, seen in adults, seems to be
confirmed in the paediatric populations, with most
studies indicating that low PMI and SMI are associ-
ated with unfavourable outcomes.

A study included 101 children in the workup for
neuroblastoma and demonstrated that preopera-
tive sarcopenia was associated with reduced 5-year
survival after surgery, with an HR of 4.18 [85].

CONCLUSIONS

Sarcopenia has been associated with poor sur-
vival, prolonged hospital stays, and higher compli-
cation rates in patients with severe medical condi-
tions.

Anthropomorphic assessment can be performed
by measuring the PMI at the third lumbar vertebra
level. Many frail patients admitted to the Emergen-
cy Department or hospitalised in the ICU need to
undergo abdominal CT studies for various medical
reasons. PMA and SMA can be quantified in these
patients by postprocessing the acquired images on
a dedicated workstation without extra radiation ex-
posure or dye administration.

The psoas muscle quality can be assessed by
measuring the psoas muscle CT attenuation coef-
ficient.

Extensive research has proven the utility of CT-
measured PMI and PMD to predict survival, compli-
cations, and length of stay in the ICU in critically ill
patients with various underlying medical conditions,
such as severe chronic diseases, cancer, liver cirrho-
sis, traumatic injury, and cardiovascular diseases.

Further standardization of the CT measured
methods to quantify PMI, SMI, and PMD is needed.
Notwithstanding these limitations, PMI and PMD
seem promising new biomarkers to obtain addition-
al prognostic information in patients undergoing
abdominal CT for various medical reasons. Reliable
semi-automated and automated software quanti-
fying CT-acquired PMA and PMD has been devel-
oped, enabling the use of these new biomarkers
in the clinical setting.

257



Jeroen Walpot, Paul Van Herck, Caroline M. Van de Heyning, Johan Bosmans, Samia Massalha, Jodo R. Inacio, Hein Heidbuchel, Manu L. Malbrain

258

ACKNOWLEDGEMENTS

1. Assistance with the article: none.

2. Financial support and sponsorship: none.
3. Conflicts of interest: none.

4. Presentation: none.

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

Cruz-Jentoft AJ, Landi F, Schneider SM, et al. Prevalence of and
interventions for sarcopenia in ageing adults: a systematic review.
Report of the International Sarcopenia Initiative (EWGSOP and
IWGS). Age Ageing 2014; 43: 748-759. doi: 10.1093/ageing/aful15.

. Bischoff-Ferrari HA, Orav JE, Kanis JA, et al. Comparative perfor-

mance of current definitions of sarcopenia against the prospective
incidence of falls among community-dwelling seniors age 65 and
older. Osteoporos Int 2015; 26: 2793-2802. doi: 10.1007/s00198-
015-3194-y.

. Cruz-Jentoft AJ, Baeyens JP, Bauer JM, et al. Sarcopenia: European

consensus on definition and diagnosis: Report of the European
Working Group on Sarcopenia in Older People. Age Ageing 2010;
39: 412-423. doi: 10.1093/ageing/afq034.

. Cruz-Jentoft AJ, Bahat G, Bauer J, et al. Sarcopenia: revised Euro-

pean consensus on definition and diagnosis. Age Ageing 2019; 48:
16-31. doi: 10.1093/ageing/afy169.

. Sayer AA, Syddall H, Martin H, Patel H, Baylis D, Cooper C. The de-

velopmental origins of sarcopenia. ] Nutr Heal Aging 2008; 12:
427-432. doi: 10.1007/BF02982703.

. Sayer AA, Syddall HE, Gilbody HJ, Dennison EM, Cooper C. Does

sarcopenia originate in early life? Findings from the Hertfordshire
cohort study. ] Gerontol A Biol Sci Med Sci 2004; 59: M930-M934.
doi: 10.1093/gerona/59.9.M930.

. Schaap LA, van Schoor NM, Lips P, Visser M. Associations of sar-

copenia definitions, and their components, with the incidence
of recurrent falling and fractures: the longitudinal aging study Am-
sterdam. ] Gerontol A Biol Sci Med Sci 2018; 73: 1199-1204. doi:
10.1093/gerona/glx245.

. Leong DP, Teo KK, Rangarajan S, et al. Prognostic value of grip

strength: findings from the Prospective Urban Rural Epidemio-
logy (PURE) study. Lancet 2015; 386: 266-273. doi: 10.1016/S0140-
6736(14)62000-6.

. Alley DE, Shardell MD, Peters KW, et al. Grip strength cutpoints for

the identification of clinically relevant weakness. ] Gerontol A Biol
Sci Med Sci 2014; 69: 559-566. doi: 10.1093/gerona/glu011.
Buckinx F, Landi F, Cesari M, et al. Pitfalls in the measurement
of muscle mass: a need for a reference standard. ] Cachexia Sarco-
penia Muscle 2018; 9: 269-278. doi: 10.1002/jcsm.12268.
McGregor RA, Cameron-Smith D, Poppitt SD. It is not just muscle
mass: a review of muscle quality, composition and metabolism dur-
ing ageing as determinants of muscle function and mobility in later
life. Longev Healthspan 2014; 3: 9. doi: 10.1186/2046-2395-3-9.
Trevifio-Aguirre E, Lopez-Teros T, Gutiérrez-Robledo L, Vande-
woude M, Pérez-Zepeda M. Availability and use of dual energy
X-ray absorptiometry (DXA) and bio-impedance analysis (BIA) for
the evaluation of sarcopenia by Belgian and Latin American geri-
atricians. ] Cachexia Sarcopenia Muscle 2014; 5: 79-81. doi: 10.1007/
s13539-013-0126-6.

Han A, Bokshan S, Marcaccio S, DePasse ], Daniels A. Diagnostic
criteria and clinical outcomes in sarcopenia research: a literature re-
view. J Clin Med 2018; 7: 70. doi: 10.3390/jcm7040070.

Beaudart C, Rolland Y, Cruz-Jentoft AJ, et al. Assessment of muscle
function and physical performance in daily clinical practice. Calcif
Tissue Int 2019; 105: 1-14. doi: 10.1007/s00223-019-00545-w.
Beaudart C, Biver E, Reginster J-Y, et al. Validation of the SarQoL?,
a specific health-related quality of life questionnaire for Sarcope-
nia. ] Cachexia Sarcopenia Muscle 2017; 8: 238-244. doi: 10.1002/
jesm.12149.

Beaudart C, Reginster J-Y, Geerinck A, Locquet M, Bruyere O. Cur-
rent review of the SarQoL®: a health-related quality of life question-
naire specific to sarcopenia. Expert Rev Pharmacoecon Outcomes
Res 2017; 17: 335-341. doi: 10.1080/14737167.2017.1360768.

. Lee C, Kang BK, Kim M. Radiologic definition of sarcopenia in

chronic liver disease. Life 2021; 11: 86. doi: 10.3390/1ife11020086.

. Kallwitz ER. Sarcopenia and liver transplant: the relevance of too lit-

tle muscle mass. World J Gastroenterol 2015; 21: 10982. doi: 10.3748/
wig.v21.i39.10982.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

3L

32.

33.

34,

35.

36.

37.

Belarmino G, Gonzalez MC, Sala P, et al. Diagnosing sarcopenia in
male patients with cirrhosis by dual-energy X-ray absorptiometry
estimates of appendicular skeletal muscle mass. JPEN J Parenter En-
teral Nutr 2018; 42: 24-36. doi: 10.1177/0148607117701400.
Cawthon PM, Fox KM, Gandra SR, et al. Do muscle mass, muscle
density, strength, and physical function similarly influence risk
of hospitalization in older adults? ] Am Geriatr Soc 2009; 57: 1411-
1419. doi: 10.1111/j.1532-5415.2009.02366.x.

Kyle U, Genton L, Hans D, Pichard C. Validation of a bioelectrical
impedance analysis equation to predict appendicular skeletal muscle
mass (ASMM). Clin Nutr 2003; 22: 537-543. doi: 10.1016/S0261-
5614(03)00048-7.

Gonzalez MC, Heymsfield SB. Bioelectrical impedance analysis for
diagnosing sarcopenia and cachexia: what are we really estimating?
J Cachexia Sarcopenia Muscle 2017; 8: 187-189. doi: 10.1002/jcsm.
12159.

Reiss J, Iglseder B, Kreutzer M, et al. Case finding for sarcopenia in
geriatric inpatients: performance of bioimpedance analysis in com-
parison to dual X-ray absorptiometry. BMC Geriatr 2016; 16: 52.
doi: 10.1186/s12877-016-0228-z.

Pfirrmann CWA, Schmid MR, Zanetti M, Jost B, Gerber C, Hodler J.
Assessment of fat content in supraspinatus muscle with proton MR
spectroscopy in asymptomatic volunteers and patients with supra-
spinatus tendon lesions. Radiology 2004; 232: 709-715. doi: 10.1148/
radiol.2323030442.

Ma J. Dixon techniques for water and fat imaging. ] Magn Reson
Imaging 2008; 28: 543-558. doi: 10.1002/jmri.21492.

Perkisas S, Bastijns S, Sanchez-Rodriguez D, Piotrowicz K,
De Cock A-M. Application of ultrasound for muscle assessment
in sarcopenia: 2020 SARCUS update: reply to the letter to the edi-
tor. Eur Geriatr Med 2021; 12: 427-428. doi: 10.1007/s41999-021-
00462-y.

Ismail C, Zabal ], Hernandez HJ, et al. Diagnostic ultrasound es-
timates of muscle mass and muscle quality discriminate between
women with and without sarcopenia. Front Physiol 2015; 6: 302. doi:
10.3389/fphys.2015.00302.

Ticinesi A, Meschi T, Narici MV, Lauretani F, Maggio M. Muscle
ultrasound and sarcopenia in older individuals: a clinical perspec-
tive. ] Am Med Dir Assoc 2017; 18: 290-300. doi: 10.1016/j.jam-
da.2016.11.013.

Shen W, Punyanitya M, Wang Z, et al. Total body skeletal muscle and
adipose tissue volumes: estimation from a single abdominal cross-
sectional image. ] Appl Physiol 2004; 97: 2333-2338. doi: 10.1152/
japplphysiol.00744.2004.

Walpot J, Van Herck P, Collas V, et al. Computed tomography mea-
sured psoas muscle attenuation predicts mortality after transcatheter
aortic valve implantation. ] Cardiovasc Med (Hagerstown) 2022; 23:
60-68. doi: 10.2459/JCM.0000000000001234.

van Mourik MS, Janmaat YC, van Kesteren F, et al. CT determined
psoas muscle area predicts mortality in women undergoing trans-
catheter aortic valve implantation. Catheter Cardiovasc Interv 2019;
93: E248-E254. doi: 10.1002/ccd.27823.

van der Werf A, Langius JAE, de van der Schueren MAE, et al. Per-
centiles for skeletal muscle index, area and radiation attenuation
based on computed tomography imaging in a healthy Caucasian
population. Eur J Clin Nutr 2018; 72: 288-296. doi: 10.1038/s41430-
017-0034-5.

Derstine BA, Holcombe SA, Ross BE, Wang NC, Su GL, Wang SC.
Skeletal muscle cutoff values for sarcopenia diagnosis using T10
to L5 measurements in a healthy US population. Sci Rep 2018; 8:
11369. doi: 10.1038/541598-018-29825-5.

Ohara M, Suda G, Kimura M, et al. Analysis of the optimal psoas
muscle mass index cut-off values, as measured by computed tomog-
raphy, for the diagnosis of loss of skeletal muscle mass in Japanese
people. Hepatol Res 2020; 50: 715-725. doi: 10.1111/hepr.13499.
Carey EJ, Lai JC, Sonnenday C, et al. A North American expert opi-
nion statement on sarcopenia in liver transplantation. Hepatology
2019; 70: 1816-1829. doi: 10.1002/hep.30828.

Hamaguchi Y, Kaido T, Okumura S, et al. Proposal for new diagnos-
tic criteria for low skeletal muscle mass based on computed tomo-
graphy imaging in Asian adults. Nutrition 2016; 32: 1200-1205. doi:
10.1016/j.nut.2016.04.003.

Han E, Lee Y-N, Kim BK, et al. Sarcopenia is associated with the risk
of significant liver fibrosis in metabolically unhealthy subjects with
chronic hepatitis B. Aliment Pharmacol Ther 2018; 48: 300-312. doi:
10.1111/apt.14843.



Psoas muscle area and density predict clinical outcomes

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Morsbach E, Zhang Y-H, Nowik P, et al. Influence of tube potential
on CT body composition analysis. Nutrition 2018; 53: 9-13. doi:
10.1016/j.nut.2017.12.016.

Morsbach F, Zhang Y-H, Martin L, Lindqvist C, Brismar T. Body
composition evaluation with computed tomography: Contrast me-
dia and slice thickness cause methodological errors. Nutrition 2019;
59: 50-55. doi: 10.1016/j.nut.2018.08.001.

Beetz NL, Maier C, Shnayien S, et al. Artificial intelligence-based
analysis of body composition in Marfan: skeletal muscle density and
psoas muscle index predict aortic enlargement. ] Cachexia Sarcope-
nia Muscle 2021; 12: 993-999. doi: 10.1002/jcsm.12731.

Wang NC, Zhang P, Tapper EB, Saini S, Wang SC, Su GL. Automated
measurements of muscle mass using deep learning can predict clini-
cal outcomes in patients with liver disease. Am J Gastroenterol 2020;
115:1210-1216. doi: 10.14309/ajg.0000000000000662.

Van Erck D, Moeskops P, Schoufour JD, et al. Evaluation of a ful-
ly automatic deep learning-based method for the measurement
of psoas muscle area. Front Nutr 2022; 9: 781860. doi: 10.3389/
fnut.2022.781860.

Vahanian A, Beyersdorf F, Praz F, et al.; ESC/EACTS Scientific
Document Group. 2021 ESC/EACTS Guidelines for the manage-
ment of valvular heart disease. Eur Heart ] 2022; 43: 561-632. doi:
10.1093/eurheartj/ehab395. Erratum in: Eur Heart ] 2022; 43: 2022.
doi: 10.1093/eurheartj/ehac051.

Kofler M, Reinstadler SJ, Mayr A, et al. Prognostic implications
of psoas muscle area in patients undergoing transcatheter aortic
valve implantation. Eur J Cardio-Thoracic Surg 2019; 55: 210-216.
doi: 10.1093/ejcts/ezy244.

Waduud MA, Giannoudi M, Drozd M, et al. Morphometric and
traditional frailty assessment in transcatheter aortic valve implan-
tation. J Cardiovasc Med 2020; 21: 779-786. doi: 10.2459/JCM.
0000000000001014.

Hebeler KR, Baumgarten H, Squiers JJ, et al. Albumin is predic-
tive of 1-year mortality after transcatheter aortic valve replacement.
Ann Thorac Surg 2018; 106: 1302-1307. doi: 10.1016/j.athoracsur.
2018.06.024.

Michel ], Pellegrini C, Rheude T, et al. The clinical impact of pso-
as muscle cross-sectional area on medium-term mortality after
transcatheter aortic valve implantation. Hear Lung Circ 2020; 29:
904-913. doi: 10.1016/j.h1c.2019.05.095.

Heberton GA, Nassif M, Bierhals A, et al. Usefulness of psoas mus-
cle area determined by computed tomography to predict mortal-
ity or prolonged length of hospital stay in patients undergoing left
ventricular assist device implantation. Am J Cardiol 2016; 118:
1363-1367. doi: 10.1016/j.amjcard.2016.07.061.

Lopez PD, Nepal P, Akinlonu A, et al. Low skeletal muscle mass
independently predicts mortality in patients with chronic heart fail-
ure after an acute hospitalization. Cardiology 2019; 142: 28-36. doi:
10.1159/000496460.

Funamizu T, Nagatomo Y, Saji M, Iguchi N, Daida H, Yoshikawa T.
Low muscle mass assessed by psoas muscle area is associated with
clinical adverse events in elderly patients with heart failure. PLoS
One 2021; 16: €0247140. doi: 10.1371/journal.pone.0247140.
Matsumoto H, Matsumura K, Yamamoto Y, et al. Prognostic value
of psoas muscle mass index in patients with non-ST-segment-
elevation myocardial infarction: a prospective observational study.
J Am Heart Assoc 2020; 9: €017315. doi: 10.1161/JAHA.120.017315.
Zuckerman ], Ades M, Mullie L, et al. Psoas muscle area and length
of stay in older adults undergoing cardiac operations. Ann Thorac
Surg 2017; 103: 1498-1504. doi: 10.1016/j.athoracsur.2016.09.005.
Hawkins RB, Mehaffey JH, Charles EJ, et al. Psoas muscle size
predicts risk-adjusted outcomes after surgical aortic valve replace-
ment. Ann Thorac Surg 2018; 106: 39-45. doi: 10.1016/j.athoracsur.
2018.02.010.

Okamura H, Kimura N, Tanno K, et al. The impact of preoperative
sarcopenia, defined based on psoas muscle area, on long-term out-
comes of heart valve surgery. ] Thorac Cardiovasc Surg 2019; 157:
1071-1079.e3. doi: 10.1016/j.jtcvs.2018.06.098.

Yamashita M, Kamiya K, Matsunaga A, et al. Prognostic value of sar-
copenic obesity estimated by computed tomography in patients with
cardiovascular disease and undergoing surgery. ] Cardiol 2019; 74:
273-278. doi: 10.1016/j.jjcc.2019.02.010.

Kurumisawa S, Kawahito K. The psoas muscle index as a predictor
of long-term survival after cardiac surgery for hemodialysis-depen-
dent patients. J Artif Organs 2019; 22: 214-221. doi: 10.1007/s10047-
019-01108-4.

Taniguchi N, Hosono M, Kuwauchi S, Yasumoto H, Kawazoe K.
Trunk muscle cross-sectional area as a predictive factor for length

58

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75

76.

of postoperative hospitalization after surgical aortic valve replace-
ment. Ann Thorac Cardiovasc Surg 2020; 26: 151-157. doi: 10.5761/
atcs.0a.19-00261.

. Kiriya Y, Toshiaki N, Shibasaki I, et al. Sarcopenia assessed by

the quantity and quality of skeletal muscle is a prognostic factor for
patients undergoing cardiac surgery. Surg Today 2020; 50: 895-904.
doi: 10.1007/500595-020-01977-w.

Yamashita M, Kamiya K, Matsunaga A, et al. Low skeletal muscle
density combined with muscle dysfunction predicts adverse events
after adult cardiovascular surgery. Nutr Metab Cardiovasc Dis 2021;
31:1782-1790. doi: 10.1016/j.numecd.2021.02.012.

Newton DH, Kim C, Lee N, Wolfe L, Pfeifer ], Amendola M. Sar-
copenia predicts poor long-term survival in patients undergoing
endovascular aortic aneurysm repair. ] Vasc Surg 2018; 67: 453-459.
doi: 10.1016/j.jvs.2017.06.092.

Huber TC, Keefe N, Patrie J, et al. Predictors of all-cause mortality
after endovascular aneurysm repair: assessing the role of psoas muscle
cross-sectional area. ] Vasc Interv Radiol 2019; 30: 1972-1979. doi:
10.1016/j.jvir.2019.04.032.

Pizzimenti M, Charles AL, Riou M, et al. Usefulness of platelet-
to-lymphocyte ratio as a marker of sarcopenia for critical limb threat-
ening ischemia. Ann Vasc Surg 2021; 72: 72-78. doi: 10.1016/j.avsg.
2020.05.027.

Gomibuchi T, Seto T, Chino S, et al. Skeletal muscle quality affects
patient outcomes in acute type A aortic dissection. Interact Car-
diovasc Thorac Surg 2020; 30: 739-745. doi: 10.1093/icvts/ivaa008.
Touban BM, Pavlesen S, Smoak JB, et al. Decreased lean psoas cross-
sectional area is associated with increased 1-year all-cause mortality
in male elderly orthopaedic trauma patients. ] Orthop Trauma 2019;
33: el-e7. doi: 10.1097/BOT.0000000000001331.

Nishimura T, Naito H, Fujisaki N, Ishihara S, Nakao A, Nakayama S.
The psoas muscle index as a predictor of mortality and morbidity
of geriatric trauma patients: experience of a major trauma center
in Kobe. Surg Today 2020; 50: 1016-1023. doi: 10.1007/s00595-020-
01980-1.

Cho HJ, Hwang Y, Yang S, Kim M. A comprehensive analysis
of the association of psoas and masseter muscles with traumatic
brain injury using computed tomography anthropometry. ] Korean
Neurosurg Soc 2021; 64: 950-956. doi: 10.3340/jkns.2021.0004.
Kobori F, Azuma K, Mishima S, Oda J. Validation of Psoas Muscle
Index as a predictor of successful extubation in elderly intensive care
patients: a retrospective cohort study. Acute Med Surg 2020; 7: €598.
doi: 10.1002/ams2.598.

Simpson G, Manu N, Magee C, Wilson J, Moug S, Vimalachandran
D. Measuring sarcopenia on pre-operative CT in older adults un-
dergoing emergency laparotomy: a comparison of three different
calculations. Int ] Colorectal Dis 2020; 35: 1095-1102. doi: 10.1007/
500384-020-03570-6.

Lee Y, Park HK, Kim WY, Kim MC, Jung W, Ko BS. Muscle mass
depletion associated with poor outcome of sepsis in the emergen-
cy department. Ann Nutr Metab 2018; 72: 336-344. doi: 10.1159/
000488994.

Hung S-K, Kou H-W, Hsu K-H, et al. Sarcopenia is a useful risk
stratification tool to prognosticate splenic abscess patients in the
emergency department. ] Formos Med Assoc 2021; 120: 997-1004.
doi: 10.1016/j.jfma.2020.08.039.

Zakaria HM, Schultz L, Mossa-Basha F, Griffith B, Chang V. Mor-
phometrics as a predictor of perioperative morbidity after lum-
bar spine surgery. Neurosurg Focus 2015; 39: E5. doi: 10.3171/
2015.7.FOCUS15257.

Jung J, Chung CK, Kim CH, Yang SH, Won Y1, Choi Y. Effects of to-
tal psoas area index on surgical outcomes of single-level lateral lum-
bar interbody fusion. World Neurosurg 2021; 154: e838-e845. doi:
10.1016/j.wneu.2021.08.031.

Hammad A, Kaido T, Hamaguchi Y, et al. Impact of sarcopenic
overweight on the outcomes after living donor liver transplanta-
tion. HepatoBiliary Surg Nutr 2017; 6: 367-378. doi: 10.21037/
hbsn.2017.02.02.

Kumar V, Benjamin J, Shasthry V, et al. Sarcopenia in cirrhosis: fall-
out on liver transplantation. J Clin Exp Hepatol 2020; 10: 467-476.
doi: 10.1016/j.jceh.2019.12.003.

. Wu M-Y, Lim W-X, Cheng Y-, et al. Sarcopenia adversely impacts

postoperative complications in living-donor liver transplantation re-
cipients. Sci Rep 2021; 11: 19247. doi: 10.1038/s41598-021-98399-6.
Nishikawa H, Shiraki M, Hiramatsu A, Moriya K, Hino K, Nishi-
guchi S. Japan Society of Hepatology guidelines for sarcopenia in
liver disease (1st edition): recommendation from the working group

259



Jeroen Walpot, Paul Van Herck, Caroline M. Van de Heyning, Johan Bosmans, Samia Massalha, Jodo R. Inacio, Hein Heidbuchel, Manu L. Malbrain

260

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

for creation of sarcopenia assessment criteria. Hepatol Res 2016; 46:
951-963. doi: 10.1111/hepr.12774.

Hsu J, Krishnan A, Lin CT, et al. Sarcopenia of the psoas muscles
is associated with poor outcomes following lung transplantation.
Ann Thorac Surg 2019; 107: 1082-1088. doi: 10.1016/j.athorac-
sur.2018.10.006.

XuJ-Y, Li C, Zhang H, Liu Y, Wei J-M. Total psoas area index is
valuable to assess sarcopenia, sarcopenic overweight/obesity and
predict outcomes in patients undergoing open pancreatoduodenec-
tomy. Risk Manag Healthc Policy 2020; 13: 761-770. doi: 10.2147/
RMHP.S257677.

Lo WD, Evans DC, Yoo T. Computed tomography-measured psoas
density predicts outcomes after enterocutaneous fistula repair. JPEN
J Parenter Enteral Nutr 2018; 42: 176-185. doi: 10.1002/jpen.1028.
Gaillard M, Tranchart H, Maitre S, Perlemuter G, Lainas P, Dagher I.
Preoperative detection of sarcopenic obesity helps to predict the oc-
currence of gastric leak after sleeve gastrectomy. Obes Surg 2018; 28:
2379-2385. doi: 10.1007/s11695-018-3169-0.

Weerink LBM, Hoorn A, Leeuwen BL, Bock GH. Low skeletal mus-
cle mass and postoperative morbidity in surgical oncology: a system-
atic review and meta-analysis. ] Cachexia Sarcopenia Muscle 2020;
11: 636-649. doi: 10.1002/jcsm.12529.

Deng HY, Zha P, Hou L, Huang KL. Does sarcopenia have any im-
pact on survival of patients with surgically treated non-small-cell
lung cancer? Interact Cardiovasc Thorac Surg 2019; 29: 144-147. doi:
10.1093/icvts/ivz039.

Kim G, Kang SH, Kim MY, Baik SK. Prognostic value of sarcope-
nia in patients with liver cirrhosis: a systematic review and meta-
analysis. PLoS One 2017; 12: €0186990. doi: 10.1371/journal.pone.
0186990.

Li S, Wang T, Tong G, Li X, You D, Cong M. Prognostic impact
of sarcopenia on clinical outcomes in malignancies treated with im-
mune checkpoint inhibitors: a systematic review and meta-analysis.
Front Oncol 2021; 11: 726257. doi: 10.3389/fonc.2021.726257.

Ritz A, Froeba-Pohl A, Kolorz J, et al. Total psoas muscle area as
a marker for sarcopenia is related to outcome in children with neu-
roblastoma. Front Surg 2021; 8: 718184. doi: 10.3389/fsurg.2021.
718184.

Rossi AP, Fantin E, Micciolo R, et al. Identifying sarcopenia in acute
care setting patients. ] Am Med Dir Assoc 2014; 15: 303.e7-303.e12.
doi: 10.1016/j.jamda.2013.11.018.

Steiber N. Strong or weak handgrip? Normative reference values for
the German population across the life course stratified by sex, age,
and body height. PLoS One 2016; 11: €0163917. doi: 10.1371/journal.
pone.0163917.

Beaudart C, McCloskey E, Bruyere O, et al. Sarcopenia in daily prac-
tice: assessment and management. BMC Geriatr 2016; 16: 170. doi:
10.1186/512877-016-0349-4.

Roberts HC, Denison HJ, Martin HJ, et al. A review of the mea-
surement of grip strength in clinical and epidemiological studies:
towards a standardised approach. Age Ageing 2011; 40: 423-429. doi:
10.1093/ageing/afr051.

Peel NM, Kuys SS, Klein K. Gait speed as a measure in geriatric as-
sessment in clinical settings: a systematic review. ] Gerontol A Biol
Sci Med Sci 2013; 68: 39-46. doi: 10.1093/gerona/gls174.

Podsiadlo D, Richardson S. The timed “Up & Go™: a test of basic
functional mobility for frail elderly persons. ] Am Geriatr Soc 1991;
39: 142-148. doi: 10.1111/j.1532-5415.1991.tb01616.x.

Cesari M, Kritchevsky SB, Newman AB, et al. Added value
of physical performance measures in predicting adverse health-
related events: results from the health, aging and body composition
study. ] Am Geriatr Soc 2009; 57: 251-259. doi: 10.1111/j.1532-
5415.2008.02126.x.

Park ], Gil JR, Shin Y, et al. Reliable and robust method for abdominal
muscle mass quantification using CT/MRI: an explorative study in
healthy subjects. PLoS One 2019; 14: €0222042. doi: 10.1371/journal.
pone.0222042.

Gort-van Dijk D, Weerink LBM, Milovanovic M, et al. Bioelectrical
impedance analysis and mid-upper arm muscle circumference can
be used to detect low muscle mass in clinical practice. Nutrients
2021; 13: 2350. doi: 10.3390/nu13072350.

Ito K, Ookawara S, Imai S, et al. Muscle mass evaluation using psoas
muscle mass index by computed tomography imaging in hemodi-
alysis patients. Clin Nutr ESPEN 2021; 44: 410-414. doi: 10.1016/
j.clnesp.2021.04.029.

Ashton J], Peiris D, Green Z, et al. Routine abdominal magnetic
resonance imaging can determine psoas muscle area in paediatric
Crohn’s disease and correlates with bioelectrical impedance spec-

97.

98.

99.

100.

10

et

102.

103.

104.

105.

106.

107.

108.

109.

110.

11

—_

112.

113.

114.

115.

116.

troscopy measures of lean mass. Clin Nutr ESPEN 2021; 42: 233-238.
doi: 10.1016/j.cInesp.2021.01.031.

Mamane S, Mullie L, Piazza N, et al. Psoas muscle area and all-cause
mortality after transcatheter aortic valve replacement: the Montreal-
Munich study. Can J Cardiol 2016; 32: 177-182. doi: 10.1016/j.cjca.
2015.12.002.

Paknikar R, Friedman J, Cron D, et al. Psoas muscle size as a frailty
measure for open and transcatheter aortic valve replacement.
] Thorac Cardiovasc Surg 2016; 151: 745-751. doi: 10.1016/j.jtcvs.
2015.11.022.

Garg L, Agrawal S, Pew T, et al. Psoas muscle area as a predictor
of outcomes in transcatheter aortic valve implantation. Am J Cardiol
2017; 119: 457-460. doi: 10.1016/j.amjcard.2016.10.019.

Foldyna B, Troschel FM, Addison D, et al. Computed tomography-
based fat and muscle characteristics are associated with mortality
after transcatheter aortic valve replacement. J Cardiovasc Comput
Tomogr 2018; 12: 223-228. doi: 10.1016/j.jcct.2018.03.007.

. Kleczynski P, Tokarek T, Dziewierz A, et al. Usefulness of psoas

muscle area and volume and frailty scoring to predict outcomes
after transcatheter aortic valve implantation. Am J Cardiol 2018;
122: 135-140. doi: 10.1016/j.amjcard.2018.03.020.

Bibas L, Saleh E, Al-Kharji S, et al. Muscle mass and mortality after
cardiac transplantation. Transplantation 2018; 102: 2101-2107. doi:
10.1097/TP.0000000000002311.

Krishnan A, Suarez-Pierre A, Zhou X, et al. Comparing frailty mark-
ers in predicting poor outcomes after transcatheter aortic valve re-
placement. Innov Technol Tech Cardiothorac Vasc Surg 2019; 14:
43-54. doi: 10.1177/1556984519827698.

Tzeng Y-H, Wei J, Tsao T-P, et al. Computed tomography-determined
muscle quality rather than muscle quantity is a better determinant
of prolonged hospital length of stay in patients undergoing trans-
catheter aortic valve implantation. Acad Radiol 2020; 27: 381-388.
doi: 10.1016/j.acra.2019.05.007.

Koizia L, Naik M, Peck G, et al. The utility of psoas muscle assess-
ment in predicting frailty in patients undergoing transcatheter aortic
valve replacement. Curr Gerontol Geriatr Res 2020; 2020: 5783107.
doi: 10.1155/2020/5783107.

Uchida Y, Ishii H, Tanaka A, et al. Impact of skeletal muscle mass on
clinical outcomes in patients with severe aortic stenosis undergoing
transcatheter aortic valve replacement. Cardiovasc Interv Ther 2021;
36: 514-522. doi: 10.1007/s12928-020-00725-8.

Furzan A, Quraishi SA, Brovman E, et al. Skeletal muscle characteri-
stics may inform preprocedural risk stratification in transcatheter
aortic valve replacement patients. ] Cardiothorac Vasc Anesth 2021;
35:2618-2625. doi: 10.1053/j.jvca.2020.12.024.

Yamashita M, Kamiya K, Matsunaga A, et al. Preoperative skeletal
muscle density is associated with postoperative mortality in patients
with cardiovascular disease. Interact Cardiovasc Thorac Surg 2020;
30: 515-522. doi: 10.1093/icvts/ivz307.

Okamura H, Kimura N, Mieno M, Yuri K, Yamaguchi A. Preoperative
sarcopenia is associated with late mortality after off-pump coronary
artery bypass grafting. Eur ] Cardio-Thoracic Surg 2020; 58: 121-129.
doi: 10.1093/ejcts/ezz378.

Matsumura K, Teranaka W, Matsumoto H, et al. Loss of skeletal
muscle mass predicts cardiac death in heart failure with a preserved
ejection fraction but not heart failure with a reduced ejection frac-
tion. ESC Hear Fail 2020; 7: 4100-4107. doi: 10.1002/ehf2.13021.

. Rangel EL, Rios-Diaz AJ, Uyeda JW, et al. Sarcopenia increases risk

of long-term mortality in elderly patients undergoing emergency
abdominal surgery. ] Trauma Acute Care Surg 2017; 83: 1179-1186.
doi: 10.1097/TA.0000000000001657.

Trotter J, Johnston J, Ng A, Gatt M, MacFie J, McNaught C. Is sar-
copenia a useful predictor of outcome in patients after emergency
laparotomy? A study using the NELA database. Ann R Coll Surg
Engl 2018; 100: 377-381. doi: 10.1308/rcsann.2017.0230.
Francomacaro LM, Walker C, Jaap K, et al. Sarcopenia predicts poor
outcomes in urgent exploratory laparotomy. Am J Surg 2018; 216:
1107-1113. doi: 10.1016/j.amjsurg.2018.10.039.

Brandt E, Tengberg LT, Bay-Nielsen M. Sarcopenia predicts 90-day
mortality in elderly patients undergoing emergency abdominal
surgery. Abdom Radiol 2019; 44: 1155-1160. doi: 10.1007/500261-
018-1870-z.

Hamidi M, Ho C, Zeeshan M, et al. Can sarcopenia quantified by
computed tomography scan predict adverse outcomes in emergency
general surgery? J Surg Res 2019; 235: 141-147. doi: 10.1016/j.jss.
2018.09.027.

Kou H-W, Yeh C-H, Tsai H-I, et al. Sarcopenia is an effective pre-
dictor of difficult-to-wean and mortality among critically ill surgi-



Psoas muscle area and density predict clinical outcomes

117.

118.

119.

120.

121.

cal patients. PLoS One 2019; 14: €0220699. doi: 10.1371/journal.
pone.0220699.

Zhang XM, Zhang WW, Yu XZ, Dou QL, Cheng AS. Comparing the
performance of SOFA, TPA combined with SOFA and APACHE-IT
for predicting ICU mortality in critically ill surgical patients: a sec-
ondary analysis. Clin Nutr 2020; 39: 2902-2909. doi: 10.1016/j.clnu.
2019.12.026.

Akkoc I, Toptas M, Yalcin M, Demir E, Toptas Y. Psoas muscle
area measured with computed tomography at admission to inten-
sive care unit: prediction of in-hospital mortality in patients with
pulmonary embolism. Biomed Res Int 2020; 2020: 1586707. doi:
10.1155/2020/1586707.

Malle O, Maurer D, Wagner D, et al. Morphometric parameters
of muscle and bone in critically ill patients. Wien Klin Wochenschr
2021; 133: 529-535. doi: 10.1007/s00508-020-01736-4.

Tee YS, Cheng CT, Wu YT, et al. Predicting outcomes of abdominal
surgical emergencies in the elderly population using a CT muscle
gauge. Aging Clin Exp Res 2021; 33: 2479-2490. doi: 10.1007/
540520-020-01769-9.

Dreydemy G, Coussy A, Lannou A, Petit L, Biais M, Carrié C.
Augmented renal clearance, muscle catabolism and urinary nitrogen
loss: implications for nutritional support in critically ill trauma pa-
tients. Nutrients 2021; 13: 554. doi: 10.3390/nu13103554.

261



