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Abstract Modern imaging techniques, including portable

bedside sonography and high-resolution computed tomog-

raphy, have revolutionized our ability to diagnose and treat

patients. One unique way of leveraging the availability of

clinical information provided by these imaging modalities

is in the areas of lean body mass and nutritional assess-

ment. This review provides an outline of key aspects of

state-of-the-art approaches to imaging-based nutritional

assessment in surgical and intensive care unit populations.
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Introduction

Muscle mass, also known as ‘‘lean body mass,’’ is an

important marker of nutritional status and is highly associ-

ated with a number of critical clinical parameters, including

immune function [1] and quality of life in chronic illness [2].

In addition to serving as a surrogate for protein intake and

nitrogen storage, skeletal muscle plays a role in the stress

response via a number of different mechanisms [3].

Importance of Muscle Mass in Nutrition
Assessment

Muscle mass, often characterized as lean body mass, serves

as an important marker of nutritional status and is highly

correlated to immune function. In addition to serving as a

surrogate for protein intake and nitrogen storage, skeletal

muscle plays a role in the stress response. Critically ill

patients with sarcopenia have longer ICU stays, longer

ventilator durations, and higher mortality [4••]. Patients with

low muscle mass experience difficulty participating in

rehabilitation activities and are either less likely or slower to

recover from illness, regain their baseline functional status,

or return to the home environment. Their length of stay is

typically longer [5]. Nutrition screening is currently man-

dated by the Joint Commission and most hospitals are

incorporating a variety of tools into their assessments to

identify at-risk patients for additional interventions [6].

While low BMI (e.g.\18) has long been recognized as a risk

for poor outcomes [7], obesity represents a more complex

challenge because there is a sarcopenic subset of obese

patients at high risk [8]. Visceral proteins are important

predictors of risk but as acute phase reactants they do not

adequately reflect nutritional status in the ill patient. For

variety of reasons, there has been great interest in stratifying

nutritional risk based on muscle mass. Ultrasound (US) and

computed tomography (CT) have emerged as widespread

technologies that can be harnessed for nutritional assess-

ment. Their clinical applications for nutrition are emerging,

and we seek to introduce to the clinician the use of these

techniques in nutrition assessment.
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Introduction to Musculoskeletal Ultrasonography

Ultrasonography utilizes oscillating sound pressure waves

of frequencies well above the human range of hearing.

Sound waves are produced by a piezoelectric crystal

transducer (commonly called a ‘probe’) and projected into

the human body, typically through a gel medium [9].

Echoes reflecting off of the different structures of the body

are collected and interpreted by the machine to produce a

composite image [10••]. Structures and tissues of different

compositions will reflect or conduct sound differently,

which changes their appearance on the composite image.

Current US systems have resolutions up to 0.1 mm [11,

12]. The time between signals determines the location and

the amplitude of the signal determines its brightness. Bone

reflects US, and therefore appears white, while blood

transmits the US, causing the lumen of a blood vessel to

appear black, for example. Soft tissues, such as liver,

appear gray [13•].

The use of US in medical applications dates back to the

1950’s [11, 14]. Medical ultrasonography has been used to

image soft structures of the thorax, abdomen, and pelvis, as

well as muscles, tendons and joint spaces in the extremi-

ties, and can also be used to evaluate subcutaneous tissue

and provide imaging guidance for procedures including

vascular access and nerve blocks [15•]. These various uses

require the operator to be familiar with a host of different

settings and parameters to achieve the best possible image,

depending on the type and depth of tissue being studied,

the structures that surround it, and the body habitus of the

patient. Several different types of transducers or probes

have been developed for these various applications. Some

use lower frequencies, which in general offer greater depth

but poorer resolution, and others use higher frequencies,

which are capable of higher resolution but weaker pene-

tration [10••, 16]. High-frequency probes are therefore best

for visualizing detail within soft structures that are rela-

tively superficial, while low frequency probes are best

when investigating deeper structures or when performing

US on an obese patient [13•]. Five to 7.5-MHz probes are

normally used in muscle US to allow adequate depth

penetration [11].

Several US modes have also been developed to allow for

sonographic studies beyond simple imaging. 2D mode, also

called B-mode or Brightness mode, the most commonly

used, produces an image of a 2D plane through the body,

and can be used to generate a 3D reconstruction of an

image [17, 18]. A-mode (amplitude) US emits light diodes

that can record changes in tissue density [19]. M-mode, or

motion mode, takes serial 2D images through a particular

plane to create a motion strip, showing how a particular

structure moves through time. Finally, Doppler mode

utilizes the Doppler effect to measure blood flow through

vessels [10••]. In addition to these ‘‘expert’’ modes, modern

US machines are also equipped with a number of functions

and tools to help enhance images and make measurements.

Adjustments to depth, gain, brightness, contrast, and har-

monic frequencies can help improve image quality, and

calipers and calculators can measure thicknesses, areas,

volumes, flow, and movement [13•, 16].

Musculoskeletal ultrasonography has been utilized as a

relatively inexpensive and non-invasive imaging modality

to investigate joint, muscle, and subcutaneous tissue.

Muscle thickness, pennation angle (the angle made by the

muscle fibers (fascicles) and their intersection with a cen-

tral tendon), and fiber length can all be measured, and this

additional information may help quantify the ability of the

muscle to generate force [18]. More recently, ultrasonog-

raphy has been investigated for its use in evaluating addi-

tional pathologies including fibrillation and fasciculation,

fibrosis, fat infiltration, dystrophies, and others [20••, 21–

26]. Musculoskeletal US is useful for these applications

because of its convenience, cost, and portability. It is also

non-invasive and does not expose the patient to ionizing

radiation [9]. However, musculoskeletal US is limited in its

usefulness by its sensitivity, which is far less than that of

magnetic resonance imaging (MRI). Also, bedside US is

highly dependent on the skill of the sonographer. Since US

can only image one plane at a time, the sonographer must

take care to thoroughly investigate an area with the probe,

or pathology may be missed more readily than on other

imaging modalities. Furthermore, obesity may be associ-

ated with inferior image quality and make a thorough

interrogation difficult [10••, 13•, 16]. Properly identifying

anatomical landmarks poses a problem as well [27], and

different equipment settings on the US may change muscle

appearance. Increasing gain ‘‘whitens’’ the projection,

which may lead to misidentification. Finally, different

muscles exhibit different echoes and echogenicity increa-

ses with age, potentially creating additional confusion.

Ultrasound in Nutritional Status Assessment

Musculoskeletal US as a tool for assessment of nutritional

status is a relatively new procedure, though small studies

on the concept appeared as early as 1962 [28, 29]. Use of

US in nutrition is aimed at measuring tissue mass in an

effort to estimate body composition and direct nutritional

management [29–32]. It is already well-established that

imaging modalities such as CT and MRI can be reliably

used to measure muscle and fat mass [23, 33]. Potential

protocols for nutritional ultrasonography rely on using the

caliper tool to measure thickness of tissues, and they
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essentially fall into two camps. Most groups follow a

strategy of attempting to measure the muscular thickness,

but many have measured the thickness of subcutaneous

adipose tissue (SAT).

Measurements of muscle thickness as a means to assess

nutritional status have been attempted at a number of ana-

tomic landmarks. Early research has tended to use biceps

brachii and triceps brachii as well as the suprailiac region,

since those sites are also standard sites for anthropometry

and skin fold measurements, making for a ready comparison

of the two methodologies [31, 32]. More recently, many

more sites have been studied, including subscapular,

abdominal, thigh, calf, as well as tongue and facial muscu-

lature [27, 34–37, 38••]. The most common sites appear to be

the quadriceps, the biceps, and the triceps, and studies seem

to show that all sites are roughly equivalent with respect to

error. There are two different ways to measure the muscle:

one is to measure the cross-sectional area, and the second is

to measure the muscle thickness. Measuring muscle thick-

ness has been shown to be more accurate in diseased subjects

because increased echogenicity make cross-sectional area

measurement more difficult. Some recommend quadriceps

muscle layer thickness (QMLT) for screening of muscle

wasting in the ICU [38••]. Others tried to create an index of

lean body mass and muscle thickness using US and found

that forearm, mid-thigh, and biceps muscle thickness mea-

sured together strongly predicted muscle mass loss [39]. Yet

others demonstrated practical use of US in daily monitoring

of ICU patients [40]. Measurements of the thickness of

adipose tissue have been attempted less often, but could

potentially be used. Sites studied include the triceps, biceps,

mid-axilla, supraspinatus region, abdomen, suprailiac

region, iliac crest, thigh, and calf [29–31, 33, 41].

Musculoskeletal US as a tool for nutritional assessment

has many potential benefits, highlighting many of the

advantages of general ultrasonography. US is non-invasive

and involves no exposure to ionizing radiation, and there-

fore nutritional US creates minimal risk for the patient. US

has improved drastically that it now can display muscle

tissue with resolutions up to 0.1 mm, higher than a three

tesla MRI [12]. US can be performed at the bedside, which

avoids unnecessary patient transportation. It is also rela-

tively inexpensive compared to other imaging modalities;

therefore is potentially very cost-effective [31, 34, 42].

Ultrasonography can also be performed by any appropri-

ately trained clinician and does not require interpretation

by a radiologist. Modern US machines can rapidly store

images for review, comparison, and re-assessment, thus

facilitating repeat interpretation, quality control, and error

checking. Because of the ease and convenience of US,

measurements of muscle and fat at one or even several sites

and subsequent interpretation of nutritional status can be

done in a matter of minutes at the bedside. Finally,

nutritional ultrasonography may discover important mus-

culoskeletal and neurovascular incidental findings, and

theoretically can be done during another US study. For

example, femoral muscle mass can be quickly assessed

during a scan looking for a lower extremity DVT.

Despite these potential benefits, current efforts in

nutritional US have encountered several important obsta-

cles and limitations that must be addressed. First, and most

importantly, US is a unique imaging modality in that it

involves direct contact between the probe and patient.

Muscle and fat are compressible tissues, and the pressure

applied to the probe will change how thick the tissue

appears on the sonogram. Different sonographers use dif-

ferent amounts of pressure, and typical US machines are

not equipped to measure the pressure applied to the probe,

which introduces a potential for measurement bias of tissue

thickness with US as compared to CT and MRI, which do

not involve any instruments touching the patient [34, 41,

42]. Also in situations where tissue thickness increases

such as obesity or spinal muscle atrophy, tissues may be

easily compressed. Many studies have attempted to address

this source of error by calling for ‘‘maximal pressure’’ with

the probe, but this seems to be an imperfect solution as

different clinicians are capable of exerting different

amounts of pressure. With no objective measure for probe

pressure, it will be difficult to standardize technique. Cer-

tain architectural components of the muscle may also prove

problematic during US measurement. One study attempted

to prove if US provided a valid estimation of fascicle

length, fascicle angle, and muscle thickness in the gas-

trocnemius muscle in cadavers. The authors found that

there are fascicle-like structures mistaken for fascicles,

which leads to errors in US assessment. Fascicle-like

structures appeared as hyper-echoic collagen-rich connec-

tive tissue between fascicles and obscured fascicle muscle

fiber measurements, which normally appear as hypoechoic

black lines [43].Tilt is another source of error that must be

accounted for. One study showed that tilt of more than 5�
while measuring the biceps brachii with US distorted the

image because the humerus was not visualized and true

fascicles could not be defined [44]. Interestingly, US cali-

pers have been found to overestimate the thickness of

subcutaneous fat because sound velocity is 1450 m/s

through fat compared to an average speed of 1540 m/s in

soft tissue and 1585 m/s in muscle; however, these sources

of error are small, less than 6 % for subcutaneous fat, and

less than 3 % for muscle [45].

Often patients most in need of nutritional assessment

and management also appear to be the most difficult to

evaluate with US. Critically ill patients tend to be very

edematous, and edema can make interpretation of US

images very difficult. In healthy young patients, it is fairly

straightforward; muscle striations are readily apparent, and
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there are typically clean, distinct borders visible between

the various layers of tissue (Fig. 1a). However, in the

critically ill ICU patient, edema can obscure the borders

and characteristic appearances of each type of tissue

(Fig. 1b). Muscle striations become less clear, and it is

more difficult to be certain where subcutaneous fat ends

and where muscle begins. Additionally, swollen and ede-

matous tissues become even more compressible than their

healthy counterparts since the fluid in and around those

tissues can be displaced by pressure, compounding the

error introduced by tissue compressibility. Diseased tissues

can show multiple shimmering lines, which gives the

muscle a whiter appearance on US potentially making

assessment difficult. Diseased muscles are also known to

have a different appearance than normal ones on US in

terms echo intensity [46]. Normal muscle has low echo

intensity, meaning it appears black (Fig. 1a). Echogenic

sheets of perimysial tissue connective tissue give it a

speckled appearance in the transverse plane and a pennate

appearance in the longitudinal plane making the appear-

ance distinct from surrounding structures like subcutaneous

fat, bone, nerves, and blood vessels [11]. The Heckmatt

score describes muscle echo intensity as described in

Table 1 [47].

Different muscles have different echoes and

echogenicity intensifies with age, which may make muscle

harder to discern. Settings on the US may also change

muscle appearance. Increasing gain whitens the projection,

which may be mistaken for pathology. Bending the knee on

assessment of the thigh produces a change in direction of

muscle fibers in the quadriceps, which leads to increased

echogenicity. Muscle contraction, on the other hand,

increases muscle diameter, which decreases echogenicity.

Measurements in the transverse plane must be perpendic-

ular to the tissue otherwise it will overestimate the muscle

thickness and decrease its intensity.

Special consideration of US use should be paid to

mechanically ventilated patients. Mechanical ventilation

may provoke diaphragm atrophy during critical illness,

which may prolong duration of ventilation. Measuring

diaphragm or skeletal muscle thickness may benefit these

patients as skeletal muscle atrophy is a negative prognostic

factor. A US study of the diaphragm in healthy volunteers

created a technique to measure diaphragm thickness in

unusual body positions with the hope of applying it clini-

cally to ICU-ventilated patients [48]. Muscle mass mea-

surement with US may also be beneficial for critically ill

patients who receive neuromuscular blocking agents and

corticosteroids for a prolonged period of time because of

their known role in muscle atrophy [49].

Finally, approximately two thirds of the US population

is obese or overweight. Obesity is a major risk factor for

many diseases and ultimately for ICU admission. Not

surprisingly, many patients in the ICU or critical care

setting who require enteral or parenteral nutrition are

obese. Therefore, obese patients will comprise a significant

portion of the population undergoing nutritional US

assessment, but obesity significantly complicates this pro-

cedure. In determining where to place the probe to make

measurements of tissue thickness, most protocols employ

the use of palpable landmarks such as the Anterior Superior

Iliac Spine, the poles of the patella, the spine of the

Fig. 1 Quadriceps muscle layer

thickness measurement in a a

young healthy volunteer with

excellent image quality and

clearly defined anatomy using a

high-frequency linear

ultrasound probe and in b a

morbidly obese critically ill

patient in septic shock and

volume overload obtained using

a lower-frequency curvilinear

probe capable of deeper

penetration. Note the reduced

image quality and poorly

defined anatomy on this image

Table 1 Heckmatt score for muscular ultrasound

Grade 1 Normal

Grade 2 Increased muscle echo intensity with

distinct bone echo

Grade 3 Marked increased muscle echo intensity

with a reduced bone echo

Grade 4 Very strong muscle echo and complete

loss of bone echo
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scapula, etc. Above a certain BMI, these landmarks are no

longer palpable, and it becomes difficult to ensure standard

placement of the probe.

Computed Tomography

CT is currently considered a gold-standard imaging

modality in muscle mass quantification because of its high

precision, specificity, and clinical accessibility. Limitations

include size and weight limits, limited field of view, and

relatively high-radiation doses required. CT is not routinely

used in nutrition screening; however, populations who

routinely undergo CT scanning such as trauma or cancer

patients may be subject to malnutrition and may benefit

from early assessment and intervention. The adaptation of

CT into clinical nutrition protocols should be investigated.

Assessment Techniques

The applications for CT in muscle mass quantification have

evolved with its technical developments. Techniques to

measure cross-sectional area of axial CT for analyzing

adipose tissue, total lean tissue, and total muscle volume by

measuring two consecutive CT images targeting the L3

region have become common [50, 51]. Figure 2 illustrates

the range of results that can be obtained using this tech-

nique in patients with different body compositions. Other

studies have targeted single images at L4–L5 regions for

similar cross-sectional measurements [52, 53]. Body

composition may be calculated from Hounsfield unit (ra-

diodensity) assignment to pixels in the images for tissue

type identification and multiplying the number of assigned

pixels with the surface area of each tissue type. Whole-

body composition may also be estimated from cross-sec-

tional abdominal slices [54]. CT imaging for whole-body

measurement has also been applied to measure cadaver

adiposity through predetermined standardized positions

[55, 56].

CT imaging has been explored as a potential modality

for quantifying SAT. Some authors have applied CT

imaging to measure SAT cross-sectional area and indicated

its viability as an estimator for total SAT volume [57].

Others compared CT versus MRI and noted that SAT

measurement is comparable in both imaging modalities. A

disadvantage of CT imaging is radiation exposure to the

patient [58••, 59].

At the same time, as intramuscular fat (intra-and extra-

myocellular adipose infiltrate) has been linked to several

metabolic conditions, so there is an increasing interest to

quantify intramuscular fat to elucidate the correlations, it

may impart to muscular performance. Some reports advo-

cated the use of CT to quantify intramuscular fat based

upon attenuation values [60], correlating skeletal muscle

attenuation to skeletal muscle lipid concentration; how-

ever, reports are limited in their ability to achieve direct

measurement of muscle lipid content due to challenges

discriminating intra- and extracellular lipid content [61,

62]. Furthermore, MRI has increasingly become the pre-

ferred modality in measuring intramuscular fat.

Role in Outcomes Prediction

As cachexia and sarcopenia are characteristic signs of

malignancy and usually confer a poor prognosis, the use of

CT imaging has found much application in capturing,

assessing, and correlating these symptomatic indicators

with clinical outcome in cancer patients. The application of

CT imaging as a modality to measure muscle mass and

body composition in cancer patients has been proposed in

place of other tools such as DEXA, which was more widely

in use in the body composition research community [50].

Further studies indicate the potential for secondary analysis

of CT imaging as a diagnostic tool to identify cancer

Fig. 2 Axial CT images obtained at the L3 vertebra. Variable muscle

mass (gray) and adiposity (near-black) are noted in a healthy male

who participates in high-intensity daily strength training (BMI 25),

b cachectic male with AIDS and gastrointestinal disease (BMI 18),

c morbidly obese female with sarcopenia and significant fatty

infiltration of the paraspinous muscles (BMI 58)
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cachexia in small-cell lung cancer patients [63••]. The use

of secondary CT imaging has been increasingly popular in

correlating muscle mass wasting and skeletal muscle den-

sity as prognostic indicators for cancer patient survival [64,

65]. PET/CT studies have been able to identify metabolic

tumor volume as a viable prognostic factor in predicting

cancer patient outcome undergoing chemotherapy [66, 67].

Psoas muscle cross-sectional area has been identified as a

way to measure sarcopenia and a marker for mortality risk

in patients undergoing surgery [68].

Role in Pharmaceutical Dosing

Initial studies have begun to establish correlation between

nutritional status and pharmacokinetics, of which

chemotherapeutic drug dosage and toxicity are of particular

interest. Several small studies [21–23] have successfully

applied CT imaging to measure body composition, show-

ing that reduced lean tissue and skeletal muscle mass may

be indicators of significant antineoplastic drug toxicity[69–

71]. This has given rise to greater use of CT imaging in

determining body composition in chemotherapeutic inves-

tigations [72].

Added Value of Pre-existing Clinical Imaging Data

Multiple reports describe the use of existing clinical

imaging data for determining the relationships between

available quantitative and qualitative patient information

and the nutritional (as well as prognostic) status of various

patient populations [73, 74]. Opportunities for further

application to a wide variety of conditions are potentially

limitless.

Conclusion

The use of modern imaging tools in nutrition assessment is

still in its early phases. As US techniques are validated and

software analysis for CT becomes more widespread, one

may expect to see expanded incorporation of these tech-

niques into clinical protocols.
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