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General introduction
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8 CHAPTER 1

DEFINITION AND EPIDEMIOLOGY OF KIDNEY DISEASE (CKD/ESKD AND AKI)
Major consequences of a reduction in kidney function are a reduction in the kidneys’ ability 
to clean the blood from waste products, an impairment in sodium and water homeostasis 
leading to hypertension and symptomatic fluid overload, anemia and disturbances in mineral 
metabolism. A reduction in kidney function can arise either acutely or develop over a more 
prolonged period of time.

Acute kidney injury (AKI) is characterized by a sudden reduction in kidney function. It is an 
important complication in hospitalized patients, affecting 10-15% of all hospital admissions (1).  
Particularly, critically ill patients in the intensive care unit (ICU) are the most affected subjects, 
with a prevalence of AKI in this clinical setting exceeding 50% (2). In the ICU, AKI seldom arises as 
an isolated complication, but usually is a key component in the multiple organ failure syndrome. 
It is estimated that about 10% of critically ill patients with AKI will require kidney replacement 
therapy (KRT) (3). The presence of AKI independently increases mortality risk by multiple 
mechanisms such as electrolyte and acid-base disorders, fluid overload, metabolic dysfunction, 
increased risk of hemorrhagic complications and impaired neutrophil function, reducing the 
patient’s ability to fight infection (1). In addition, even a single episode of AKI is associated with 
long-term adverse outcomes, such as new onset or worsening of chronic kidney disease (CKD), 
dialysis dependence, and increased cardiovascular risk (4). According to the Kidney Disease 
Improving Global Outcome (KDIGO) (5), AKI can be classified in 3 stages based on the severity 
of loss of kidney function, on the basis of serum creatinine values increase, reduced urine 
output, or the need to start kidney replacement therapy (KRT) (Table 1). Causes of AKI include, 
among others, renal hypoperfusion caused by hypovolemic shock or heart failure, nephrotoxin 
exposure, sepsis, major surgery, intra-abodominal hypertension, rapidly progressive 
glomerulonephritis, acute interstitial nephritis, and extra- or intra-renal obstruction (6).

On the other hand, CKD is defined as a reduction in the estimated glomerular filtration rate 
(eGFR) below 60 ml/min/1.73m2 and/or by the presence of kidney damage for ≥ 3 months (7). 
Kidney damage, next to a decline in GFR, can be confirmed by the presence of albuminuria, 
defined as albumin/creatinine ratio > 30 mg/g, and/or other markers, such as abnormalities in 
urinary sediment examination, imaging studies, pathological kidney biopsy (7). CKD severity is 
classified in 5 stages based on the level of eGFR (Table 1). The global estimated prevalence of 
CKD ranges from 11.7 – 15.1%, being patients with end-stage kidney disease (ESKD) needing 
kidney replacement therapy (KRT) between five and seven million worldwide (8). Because 
CKD has a direct impact on cardiovascular risk and increases the risk of ESKD, it has been 
recognized as a leading public health issue, affecting the global morbidity and mortality 
burden. Principal causes of CKD are diabetes mellitus, hypertension, obesity, and aging.
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9General introduction

Table 1. Acute kidney injury and chronic kidney disease classification

AKI (KDIGO) CKD (KDIGO)

Stage 1 sCr ≥ 1.5 times baseline; or increase of ≥ 
0.3 mg/dl withing 48h; or urine volume < 
0.5 ml/Kg for 6-12h

Kidney damage with normal or increased 
eGFR (≥ 90ml/min/1.73m2)

Stage 2 sCr ≥ 2 times baseline; or urine volume < 
0.5 ml/Kg for ≥ 12h

Kidney damage with mild reduction in 
eGFR (60-89 ml/min/1.73m2)

Stage 3 sCr ≥ 3 times baseline; or increase to ≥ 4.0 
mg/dl; or or urine volume < 0.3 ml/Kg for ≥ 
24h; or need for KRT

Moderate reduction in eGFR (Stage 3a 
45-59 ml/min/1.73m2, Stage 3B 30-44 ml/
min/1.73m2)

Stage 4 NA Severe reduction in eGFR (15-29 ml/
min/1.73m2)

Stage 5 NA End-stage kidney disease (< 15 ml/
min/1.73m2 or dialysis)

sCr, serum creatinine; KRT, kidney replacement therapy.

EFFECTS OF AKI AND CKD/ESKD ON NUTRITIONAL STATUS OF PATIENTS
In general, major metabolic and hormonal changes are commonly observed in kidney 
disease. In the case of AKI, they are determined not only by the syndrome itself, but also by 
the underlying disease processes, complications and organ dysfunction (9) (Figure 1).

Well-known negative effects of AKI are related to impairments in fluid balance, electrolyte 
disorders and effects on acid-base metabolism, characterized by metabolic acidosis. However, 
the syndrome also affects other metabolic pathways, with specific changes in protein, lipid 
and carbohydrate metabolism. In particular, there is an increase in protein catabolism, which 
can be caused by multiple factors such as the metabolic acidosis, intra-renal and systemic 
inflammation associated with AKI and with the critical illness status, the hypercatabolic 
state caused by the underlying critical illness, the presence of other comorbidities, and by 
the loss of amino acids and proteins during KRT (9-12). Iatrogenic factors related to the clinical 
management of the syndrome can also have negative effects on macronutrient metabolism. 
Frequently, in critically ill patients with AKI protein intake is erroneously restricted hoping to 
avoid blood urea nitrogen value increase, while medical nutrition therapy is often insufficient 
due to delayed start, frequent interruptions, and poor patient’s tolerability (9) (Figure 1). All of 
these frequently coexisting factors may lead to malnutrition, or protein energy wasting (PEW), 
a term coined in 2008 to describe the particular state of depleted energy and protein pools 
typical of patients with kidney disease (13). In fact, PEW prevalence in critically ill patients 
with AKI can be as high as 42% (14).

1
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Figure 1. Protein energy wasting pathophysiology in critically ill patients with AKI
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Figure 1. Protein energy wasting pathophysiology in critically ill patients with AKI 

Patients with CKD/ESKD also face muscle loss and worsening of nutritional status, especially 
in the most advanced stages of the disease, when dialysis as hemodialysis (HD) or peritoneal 
dialysis (PD) are needed (15-17). In this clinical context, PEW’s prevalence can be as high as 75% 
in dialysis patients, and 28-48% in non-dialysis dependent patients, according to CKD stage (18).

The pathophysiology of PEW in CKD/ESKD is multifactorial, and is characterized by the 
coexistence of increased protein degradation and decreased protein synthesis, leading to 
negative nitrogen balance (Figure 2). Metabolic acidosis directly triggers systems responsible 
for intracellular protein degradation (caspase-3 and ubiquitin-proteasome systems (UPS)) (19), 
and also promotes insulin and growth hormone (GH) resistance (20). In addition, the reduced 
clearance of cytokines, the dialysis procedure itself and the presence of intestinal dysbiosis 
and gastrointestinal barrier disruption can lead to a state of chronic low-grade inflammation, 
which may contribute to an increase in nutritional needs and to anorexia, along with altered 
blood concentration of appetite mediators and deranged hypothalamus output, leading to an 
imbalance between the orexigenic/anorexigenic mechanisms that control energy homeostasis 
(21, 22). Other factors include vitamin D deficiency, the loss of amino acids and proteins during 
HD and PD, taste abnormalities caused by uremic toxin accumulation, and also socioeconomic 
conditions, such as poverty and advanced age, also contributing to suboptimal nutrient intake 
in CKD/ESKD (23). Taken together, those conditions put the patients in a negative protein 
balance condition resulting in muscle loss, weakness, low physical performance, disability 
and frailty (24) (Figure 2).
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11General introduction

Figure 2. Mechanisms of protein energy wasting in patients with CKD/ESKD. From (25).

NUTRITIONAL STATUS EVALUATION IN RENAL DISEASE: CURRENT 
PRACTICE AND RECOMMENDATIONS
The available recommendations for the assessment of nutritional status in patients with AKI 
and in patients with CKD/ESKD are toward an integrated approach combining the evaluation 
of body composition, anthropometric parameters such as height and body weight, blood 
biochemistry and dietary intake (13, 26, 27). The International Society of Renal Nutrition and 
Metabolism (ISRNM) recommends that the diagnosis of PEW be established by the presence of 
at least one criterion in three out of four categories of nutritional variables (Table 2). Generally, 
indicators of PEW by the ISRNM diagnostic criteria correlate with increased mortality, 
decreased appetite and low protein intake (21, 28, 29).

Table 2. Criteria for the diagnosis of protein energy wasting (13).

a) Reduced levels of biochemical markers of nutritional status such as prealbumin, albumin (< 3.8 g/
dl) and cholesterol (in patients not using cholesterol reducing medications)

b) Reduced body mass: BMI < 23 kg/m2 or unintentional weight loss of > 5% in 3 months or 10% in 6 
months, reduced fat mass < 10%);

c) Reduced muscle mass: reduction of muscle mass by 5% in 3 months or 10% in 6 months reduced arm 
muscle circumference (AMC) by 10% as compared to the 50th percentile of the reference population;

d) Inadequate nutritional intake: spontaneous intake of protein and calories of < 0.8 g/Kg/day for 
patients with AKI or ESKD in dialysis or < 0.6 g/Kg/day in patients with CKD not on dialysis; and 
spontaneous energy intake < 25 Kcal/Kg/day respectively for 2 consecutive months

PEW can be diagnosed when at least one criterion in three out of four categories is present

1
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More recently, new clinical guidelines have been published for the nutritional management of 
patients with AKI and hospitalized patients with CKD/ESKD (26) and for outpatients with CKD/
ESKD (30). The 2021 ESPEN guideline for hospitalized patients with kidney disease recommends 
a general nutritional assessment, which includes patient history, report on unintentional 
weight loss or decrease in physical performance before hospital or ICU admission, dietary 
intake, physical examination, body composition evaluation to assess skeletal muscle mass, 
and assessment of muscle strength (26). Differently to the ISRNM criteria (13), the ESPEN 
guideline does not recommend the use of body mass index (BMI) during hospitalization to 
assess nutritional status, unless very low (BMI < 18 kg/m2). This because body weight is easily 
influenced by fluid imbalance, a frequent finding in patients with kidney disease, which can 
make BMI unreliable in this clinical setting. Similar concerns arise in the more advanced stages 
of CKD/ESKD. In fact, the new KDOQI guideline, despite recommending the use of BMI as a 
mortality predictor, suggests using the classic BMI reference values to assess malnutrition (BMI 
< 18.5 Kg/m2) instead of the more conservative 23 Kg/m2 recommended by the ISRNM criteria. 
In order to overcome some of BMI limitations, it is further suggested that in patients undergoing 
dialysis, BMI be evaluated using patient’s dry weight, obtained after the dialysis treatment.

Regarding biochemical parameters, despite its sensitivity as a screening and prognostic 
tool in acute and chronic clinical settings, serum albumin and prealbumin provide limited 
information regarding nutritional status in the setting of AKI and CKD/ESKD when used in 
isolation. Serum albumin concentration depends on its synthesis, breakdown, volume 
distribution, and exchange between intra and extra-cellular spaces, as well as on its losses (31). 
Both serum albumin and prealbumin are negative acute phase reactants, meaning that during 
acute illness or chronic inflammation their synthesis is reduced and breakdown is increased, 
resulting in low serum levels. Still, serum albumin, despite its poor nutritional value in this 
clinical setting, in combination to the C-reactive protein, an inflammatory marker, can be used 
for the identification of patients with higher mortality risk and that could benefit from early 
nutritional intervention (32). Prealbumin, instead, given its shorter half-life (2-3 days) could 
be cautiously used for the monitoring of the nutritional therapy.

The assessment of body composition, on the other hand, appears to be of major importance 
both in the case of patients with AKI as CKD/ESKD (26, 30). Identifying early muscle loss in 
both clinical settings is important since it is a well-known predictor of in-hospital mortality 
and morbidity (33), functional recovery (34, 35), disability and hospitalization (36, 37) in the 
ICU-setting; moreover, it is associated with physical disability, worse quality of life, depression, 
PEW, fracture risk, cardiovascular disease, graft failure and post-operative complications in 
transplant recipients, as well as increased hospitalization and mortality in patients with CKD/
ESKD (38-45). Important limitations for the successful implementation of body composition 
assessment in both settings are the lack of reliable bedside tools to assess skeletal muscle 
mass, and the interference of fluid overload and rapid fluid shifts on currently available 
conventional methods. The assessment of body composition is also complicated by the 
fact that various parameters are used to express muscle mass (MM). For instance, fat-free 
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13General introduction

mass (FFM), lean body mass (LBM) and MM are not equivalent, although they are often used 
interchangeably. FFM is the total body mass except the body fat, and it includes LBM and bone 
mineral tissue. LBM in turn is composed by total water, MM and the fat free part of organs 
(Figure 3). Since different techniques measure different body compartments, one must identify 
the body compartment of interest before deciding the method of assessment.

Figure 3. Body composition (conventional model). From (46).

With that in mind, there are many options for the assessment of MM and its proxies. Gold 
standard methods such as computed tomography (CT) and magnetic resonance imaging (MRI) 
are impractical to use on a routine basis both in AKI or CKD/ESKD (47). Dual energy X-ray 
absorptiometry (DEXA), is usually considered a reference method and is also recommended by 
the new KDOQI guideline for the assessment of body composition, in particular appendicular 
skeletal MM (ASMM) in patients with CKD/ESKD (30), but may be difficult to perform as often as 
necessary for the monitoring of ASMM. Moreover, DEXA assumes a constant hydration of the 
LBM of 0.73, meaning that results can be influenced by severe fluid overload (48). Nonetheless, 
when routinely available, DEXA may provide important information regarding changes in body 
composition and might also serve as calibration for bedside methods.

Currently used and recommended bedside techniques in patients with kidney disease include 
bioelectrical impedance analysis (BIA) or spectrometry (BIS) and anthropometry (30). However, 
those methods can be highly influenced by non-nutritional factors. For instance, it has been 
observed that the use of BIA in patients with AKI reported a 5% reduction in the FFM when 
performed after KRT in comparison to measurements performed before (49), showing that 
BIA can be less reliable in the presence of overhydration. In another study in the same setting, 
BIA analysis showed the presence of excess percentage of total body water and body fat, 
suggesting an overestimation of FFM by the fluid overload and a relative increase in FM, which 
could be instead reflecting a loss of LBM in catabolic patients (50). Considering that critically ill 
patients will hardly achieve a state of “dry” body weight, the new 2021 ESPEN guideline does 
not recommend its routine use to assess body composition in hospitalized patients with AKI 
and fluid imbalance (26). In order to standardize measurements and avoid this kind of problem, 

1
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and considering that in the chronic setting patients are in a more constant condition, the recent 
KDOQI guidelines on nutrition in CKD recommends to perform BIA/BIS at least 30 minutes after 
the HD session to allow for redistribution of body fluids (30). Anthropometry is a time-honored 
method that is also included in the original diagnostic criteria for PEW (51). When performed by 
a skilled investigator it was able to predict a reduction in MM with an accuracy comparable to 
instrumental methods (52). However, because of its poor reproducibility and repeatability it is 
not routinely recommended to be used both in AKI and CKD/ESKD settings (26, 30).

As a potential alternative method, the use of ultrasound (US) for the assessment of MM has 
been recently proposed. Muscle US is a non-invasive technique easily applicable even in 
non-collaborative patients, it is economically viable safe and does not require specialized 
staff nor X-ray exposure (53-56). Quadriceps muscle US, in particular recuts femoris (RF) and 
vastus intermedius (VI) US, has been successfully studied in other clinical settings. It allows 
the detection of muscle wasting during ICU stay (57, 58), and seems as accurate as CT or MRI 
in measuring RF diameter in patients with coronary artery disease (CAD) (59), and RF cross-
sectional area (CSA) (60), and volume (61) in chronic obstructive pulmonary disease (COPD). 
In particular, mid-thigh thickness (i.e. thickness of the quadriceps femoris) correlates with 
fat-free mass by DEXA in patients with COPD (62).

STUDY OBJECTIVES
The present thesis has the objective to study the applicability, validity and prognostic capacity 
of skeletal muscle US in patients with kidney disease. In particular, the quadriceps rectus 
femoris (RF) and vastus intermedius (VI) thickness were assessed by US in critically ill patients 
with AKI and in patients with ESKD on hemodialysis to:

· Study the inter and intra-rater reliability of the US methodology and if results were affected 
by acute and rapid fluid shifts due to KRT;

· Study the validity of the quadriceps muscle US in comparison to CT;
· Assess if RF and VI thickness are reduced in patients with ESKD on HD in comparison to 

healthy controls and hospitalized patients with normal renal function;
· Investigate whether any correlation exists between RF and VI thickness by US and other 

non-invasive methods for nutritional status evaluation, such as anthropometry and (BIS), 
handgrip strength (HGS), BMI, malnutrition inflammation score (MIS) and serum albumin;

· Assess if quadriceps muscle US was useful to detect muscle loss in short periods of time;
· Test the prognostic capacity of RF and VI thickness by US in predicting mortality in patients 

with ESKD on HD.
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15General introduction

THESIS OUTLINE
Chapter 1 presents a general introduction about the topic.

Chapter 2 reports the study on the reliability of the quadriceps muscle US technique when applied 
to critically ill patients with AKI
This is the first study in the nephrology setting to use US to assess the quadriceps skeletal 
muscle. In this study, quadriceps RF and VI thickness of critically ill patients with AKI stage 3 
on KRT were measured by two assessors. Intra and interobserver realiability was evaluated 
using intraclass correlation coefficient (ICC). In addition, the effect of KRT was also studied 
with measurements performed before and after the KRT.

Chapter 3 reports the results of the study of the validity of quadriceps RF and VI thickness assessed 
by US in comparison to CT, a gold standard technique for the evaluation of body composition.
In this study we validate the proposed US methodology in critically ill patients with AKI. 
Quadriceps RF and VI thickness of patients were blindly assessed at the same leg sites by 
both US and CT scans to estimate average difference in thickness, agreement and precision 
of the US methodology in comparison to CT.

Chapter 4 presents the current status of RF and VI thickness of patients with ESKD on HD in com-
parison to controls, and it also reports the results of the correlation between US and other pa-
rameters to assess nutritional status
This is the first time that quadriceps muscle US was applied in patients with ESKD on HD. 
By applying quadriceps muscle US and dividing patients based on their BMI, MIS and serum 
albumin status, we identified that US was sensible enough to identify that RF and VI thickness 
were reduced in patients with worse nutritional status. In addition, we once again tested 
whether quadriceps muscle US measurements were affected by the HD procedure. Finally, 
the correlation of the US methodology with other parameters of nutritional status such as 
BMI, MIS, mid-arm muscle area (MAMA) and serum albumin was assessed

Chapter 5 details the results of the study of the applicability of quadriceps muscle US in the mon-
itoring of skeletal muscle as a useful tool to detect muscle loss in short periods of time
In this short communication study we applied quadriceps RF and VI thickness by US in 
critically ill patients with AKI at baseline (within 72h of hospitalization) and after 5 days to 
assess whether US was sensible enough to detect changes quadriceps muscle thickness during 
short periods of time.

Chapter 6. presents the prognostic capacity of quadriceps muscle US in predicting mortality 
events of patients with ESKD on HD in comparison to anthropometry.
In this study we normalized the US measurements by height2 (indexed values) and derived 
different cut-offs of indexed RF and VI thickness by US based on the distribution (percentiles) 
of measurements in our sample of patients with ESKD on HD and study the mortality risk 

1
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16 CHAPTER 1

predictability of 3 different cut-offs (p10, p25 and p50), also in comparison to anthropometry. 
The hazard-ratio for the risk of mortality was calculated for each studied cut-off and muscle site.

Chapter 7 presents the predictive value for mortality outcome between the indexed thickness 
of the distal quadriceps VI thickness measured by US with that from the lean tissue index (LTI) 
measured by BIS, combined with HGS.
In the last study of this thesis we applied the cut-offs of indexed quadriceps muscle US derived from 
the study described in chapter 6 in combination with HGS to diagnose sarcopenia and compared 
its prognostic capacity in comparison to sarcopenia as diagnosed by LTI combined with HGS.

Chapter 8 presents a general discussion of the study results.
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CHAPTER 2

Reliability of bedside ultrasound 
for measurement of quadriceps 
muscle thickness in critically ill 
patients with acute kidney injury

Sabatino A, Regolisti G, Bozzoli L, Fani F, Antoniotti R, Maggiore U, Fiaccadori E

Clinical Nutrition 2017; 36: 1710-1715
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ABSTRACT
Main problem: In patients with Acute Kidney Injury there is a lack of nutritional variables that 
can assess nutritional status, more specifically lean body mass (LBM, at the individual level. 
In this clinical setting, ultrasound (US) of the quadriceps femoris could represent a widely 
available, non-invasive, affordable, and reliable tool to evaluate skeletal muscle, a clinical 
surrogate of LBM.

Methods: We performed a cross-sectional observational study in adult critically ill patients 
with KDIGO stage 3 AKI on dialysis. Quadriceps rectus femoris and vastus intermedius 
thickness were measured by two assessors. Intra- and interobserver reliability was evaluated 
using the intraclass coefficient correlation (ICC). The same US measures were obtained before 
and after dialysis.

Results: We enrolled 34 patients, 22 (65%) were male and the mean APACHE II score was 22.7 
(± 5.6). In the intraobserver reliability study, assessor 1 performed 288 paired measurements 
and assessor 2 performed 430 paired measurements in 34 patients, with an ICC equal to 0.99 
and 1.00, respectively. There were 238 paired measurements (34 patients) in the interobserver 
reliability study, with an ICC = 0.92. No difference was found in the measurements obtained 
before and after dialysis (11.5 (4.2) vs 11.4 (4.1) mm, P = 0.2498), independently from acute 
body weight changes due to fluid removal.

Conclusion: In patients with AKI, US of quadriceps femoris could represent a simple, accurate, 
and non-invasive method to evaluate quantitative changes in skeletal muscle.

Keywords: Acute kidney injury; Critical illness; Lean body mass; Nutritional status; Renal 
replacement therapy; Ultrasound.
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INTRODUCTION
A key problem in AKI, more so in critically ill patients, is the lack of variables allowing nutritional 
status evaluation/monitoring at the individual level since many factors may significantly 
interfere with the measurement and interpretation of classical nutritional parameters (1).

 Loss of skeletal muscle, the largest store of Lean Body Mass (LBM), is an early effect of critical 
illness, due to immobilization, catabolism and protein-energy deficit, and is correlated 
with mortality (2). Different techniques based on radioactive potassium species, Dual X-ray 
Absorptiometry (DEXA), Computed Tomography (CT) scan and Magnetic Resonance Imaging 
(MRI) still represent the gold standard for LBM assessment, even though they cannot be 
routinely used for serial nutritional evaluation in critically ill patients.

Ultrasonography (US) is widely available and easily applicable at the bedside for different 
skeletal muscle groups, even in critically ill patients (3). It allows the detection of muscle 
wasting during ICU stay (4), and seems as accurate as CT or MRI in measuring muscle mass (5).

No data are currently available on the reliability of US measurements in patients with AKI. 
In particular, since total body water is often increased in AKI, peculiar problems may derive 
from both fluid overload, and the rapid fluid shifts during renal replacement therapy (RRT).

Thus, the primary objective of our study was to investigate the reliability of bedside US in the 
assessment of quadriceps muscle thickness in critically ill patients with AKI; our secondary 
objective was to determine whether rapid fluid shifts occurring during RRT might influence 
US measurements.

MATERIALS AND METHODS
We conducted a cross-sectional observational study in adult critically ill patients with KDIGO 
stage 3 AKI, consecutively admitted to the renal ICU of the Parma University Hospital. The 
Institutional Review Board of Parma approved the study (protocol 43943, 03/12/2015). Written 
informed consent was obtained from patients or their close relatives.

Two assessors (a renal dietician and a nephrologist), who had previously received formal 
training with at least 100 supervised measurements, performed all the measurements. 
Quadriceps rectus femoris (QRF) and vastus intermedius (QVI) thicknesses were measured 
as described by Tillquist et al (6) by B-mode US using a wall tracking system (Philips HD7xe) 
equipped with a 7.5 MHz linear array transducer. The transducer was placed perpendicular 
to the long axis of the thigh with abundant use of contact gel and minimal pressure to avoid 
compression of the muscle. The position and the orientation of the probe were kept steady 
without using additional equipment in the ICU. The right and left quadriceps values were 
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assessed in both legs with the patient lying supine with both knees extended but relaxed and 
toes pointing to the ceiling. In patients undergoing RRT (conventional 4-hour Hemodialysis 
(HD) or 6-12 hour sustained low-efficiency dialysis (SLED)) US was performed at the start 
and the end of each session. Both assessors were required to perform two independent 
measurements at each muscle point (eight measurements per subject), and the mean was 
used for further analysis. Maximum thickness of each muscle was measured from the femur 
to the inner edge of the QVI muscle, or from subcutaneous tissue to the inner edge of the QRF 
muscle (Figure 1) (6-7).

The Wilcoxon signed-rank test was used to analyze the differences in the measurements 
between assessors, within the same assessor, or before-after RRT. Intra- and interobserver 
reliability were assessed by the intraclass correlation coefficient (ICC), with values > 0.75 
indicating good to excellent reliability (7), and by the Bland-Altman approach. All values are 
reported as mean ± SD; P < 0.05 was considered significant.

Assuming a minimum ICC value of 0.75 for interobserver reliability, with alpha 0.05 and 80% 
power, we estimated that we would need to enroll at least 18 subjects (7). We enrolled 34 
subjects to ensure that enough quality images were available.

Figure 1. Assessment of quadriceps femoris thickness using ultrasound. Thickness of each muscle is 
measured from the femur to the inner edge of the vastus intermedius (VI) muscle, or from subcutaneous 
tissue to the inner edge of the rectus femoris (RF) muscle.

30

Figure 1. Assessment of quadriceps femoris thickness using ultrasound. Thickness of each 

muscle is measured from the femur to the inner edge of the vastus intermedius (VI) muscle, 

or from subcutaneous tissue to the inner edge of the rectus femoris (RF) muscle.

Results

Demographics

Demographic and clinical characteristics of the 34 patients with AKI are reported in Table 1. 

Most of them were oliguric (24/34, 71%) and on RRT (29/34, 85%) at ICU admission.
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RESULTS

DEMOGRAPHICS
Demographic and clinical characteristics of the 34 patients with AKI are reported in Table 1. 
Most of them were oliguric (24/34, 71%) and on RRT (29/34, 85%) at ICU admission.

Table 1. Demographics and clinical characteristics of patients with AKI at ICU admission.

Parameters Subjects (n = 34)

Age (SD) 75 (12)

Male sex (%) 22 (65)

APACHE II (SD) 22.7 (5.6)

- Oliguria (%)
- RRT (%)
-Sepsis (%)

24 (71)
29 (85)
11 (32)

BMI at ICU admission (SD) 29.2 (6.4)

Weigth at ICU admission, Kg (SD) 80.3 (14.8)

BMI, body mass index; ER, emergency room, ICU, intensive care unit; RRT, renal replacement therapy; 
SD, standard deviation.

INTRA- AND INTEROBSERVER RELIABILITY
Assessor 1 performed 288 pairs of measurements, 72 at each site, with an ICC value of 0.99 
(across-site range 0.98 – 0.99) (Table 2A). Assessor 2 performed 430 pairs of measurements 
(across-site range 106 – 108), with an ICC value of 1.00 (across-site range 0.97 – 0.99). No 
difference was found in the within-assessor measurements: ((assessor 1: 11.5 (3.8) vs 11.5 (3.8) 
mm, 95% confidence interval (CI) of the mean difference -0.018 to 0.062, P = 0.42, assessor 2: 
11.6 (4.9) vs 11.6 (4.9) mm, 95% CI of the mean difference -0.068 to 0.047, (P = 0.80)) (Table 2B).

2
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Table 2A. Intraobserver reliability

Nº measurements Between subject 
variance

Within subject 
variance ICC

Assessor 1

QRFT 1/2 72 9.229 0.1496 0.98

QVIT 1/2 72 14.20 0.1382 0.99

QRFT 2/3 72 7.91 0.1096 0.99

QVIT 2/3 72 9.26 0.0836 0.99

Total 288 14.33 0.1225 0.99

Assessor 2

QRFT 1/2 108 19.32 0.5872 0.97

QVIT 1/2 108 30.94 0.3535 0.99

QRFT 2/3 108 10.11 0.3106 0.97

QVIT 2/3 106 22.67 0.2073 0.99

Total 430 23.70 0.3654 1.00

ICC, intraclass correlation coefficient; QRFT, quadriceps rectus femoris thickness; QVIT, quadriceps vastus 
intermedius thickness.

Table 2B. Differences within assessors’ measurements.

Nº measurements Measurement 1 Measurement 2 P

Assessor 1

QRFT 1/2 72 14.83 (3.04) 14.81 (1.14) 0.5155

QVIT 1/2 72 11.12 (3.77) 11.12 (3.69) 0.4039

QRFT 2/3 72 11.03 (2.81) 11.00 (2.76) 0.3291

QVIT 2/3 72 9.13 (3.04) 9.09 (2.96) 0.2949

Total 288 11.53 (3.79) 11.51 (3.76) 0.4208

Assessor 2

QRFT 1/2 108 14.16 (4.40) 14.25 (4.32) 0.2378

QVIT 1/2 108 12.12 (5.56) 12.13 (5.63) 0.6869

QRFT 2/3 108 10.16 (3.18) 10.15 (3.03) 0.7645

QVIT 2/3 106 9.76 (4.76) 9.71 (4.71) 0.4100

Total 430 11.56 (4.87) 11.57 (4.85) 0.7983

QRFT, quadriceps rectus femoris thickness; QVIT, quadriceps vastus intermedius thickness. Mean (SD), 
values in mm.

The two assessors performed 238 paired measurements (across-site range 56 – 62) with an 
ICC value of 0.92 (across-site range 0.88 – 0.93) (Table 3A). Although between-investigator 
differences in measurements were statistically significant at all sites, the mean absolute value 
of the difference was approximately 0.4 mm (10.7 (3.4) vs 10.3 (3.3) mm, 95% CI of the mean 
difference 0.28 – 0.54, P < 0.0001) (Table 3B), and was therefore clinically insignificant.
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Table 3A. Interobserver reliability

Nº measurements Between subject variance Within subject variance ICC

QRFT 1/2 56 9.4 1.3 0.88

QVIT 1/2 62 12.7 1.5 0.89

QRFT 2/3 56 6.0 0.8 0.88

QVIT 2/3 62 8.8 0.6 0.93

Total 238 11.7 1.1 0.92

ICC, intraclass correlation coefficient; QRFT, quadriceps rectus femoris thickness; QVIT, quadriceps vastus 
intermedius thickness.

Table 3B. Differences between assessor’s measurements

Nº measurements Assessor 1 Assessor 2 P

QRFT 1/2 56 13.3 (3.1) 13.1 (3.01) 0.0361

QVIT 1/2 64 10.7 (3.6) 10.3 (3.4) 0.0150

QRFT 2/3 56 9.6 (2.5) 9.3 (2.2) 0.005

QVIT 2/3 62 9.2 (2.9) 8.7 (2.8) < 0.0001

Total 238 10.7 (3.4) 10.3 (3.3) < 0.0001

QRFT, quadriceps rectus femoris thickness; QVIT, quadriceps vastus intermedius thickness. Mean (SD), 
values in mm.

BEFORE-AFTER RRT MEASUREMENTS
Measurements before and after dialysis are reported in table 4. Assessor 1 performed 294 
measurements in 39 sessions, while assessor 2 performed 306 measurements in 40 sessions. 
Sustained low-efficiency dialysis accounted for 38/70 sessions (54%), with a mean duration of 
408 (SD 102) minutes (range 240 – 720 minutes); intermittent HD accounted for the remaining 
32 treatments, with a mean duration of 218 (SD 42) minutes (range 120 – 240 minutes).

No difference was found in the measurements obtained before and after RRT, either for the 
average value or for each assessor (average: 11.5 (4.2) vs 11.4 (4.1) mm, P = 0.25; assessor 1: 
11.9 (4.0) vs 11.7 (3.8) mm, P = 0.25; assessor 2: 11.1 (4.5) vs 11.0 (4.4) P = 0.63) (Table 4), even 
when only RRT sessions with negative weight change were considered n = 62, (median weight 
change per session -1.5 Kg, range -0.5 to -3.0 Kg) (Table 5).
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Table 4. Measurements before and after RRT

Nº Measurements Before After P

Assessor 1

QRFT 1/2 72 15.2 (3.5) 14.9 (3.6) 0.1165

QVIT 1/2 74 12.0 (4.2) 11.9 (4.0) 0.1827

QRFT 2/3 72 11.5 (2.9) 11.3 (2.7) 0.0660

QVIT 2/3 74 9.0 (2.3) 9.0 (2.1) 0.2390

Total 294 11.9 (4.0) 11.7 (3.8) 0.2530

Assessor 2

QRFT 1/2 75 13.6 (4.2) 13.5 (4.0) 0.4985

QVIT 1/2 79 11.5 (5.1) 11.5 (5.0) 0.3200

QRFT 2/3 75 9.8 (2.9) 9.8 (2.9) 0.1264

QVIT 2/3 77 9.5 (4.3) 9.4 (4.1) 0.2348

Total 306 11.1 (4.5) 11.0 (4.4) 0.6309

Total

QRFT 1/2 147 14.4 (3.9) 14.2 (3.9) 0.3015

QVIT 1/2 153 11.7 (4.7) 11.7 (4.5) 0.7918

QRFT 2/3 147 10.6 (3.0) 10.5 (2.9) 0.1733

QVIT 2/3 153 9.2 (3.4) 9.2 (3.3) 0.7564

Total 600 11.5 (4.2) 11.4 (4.1) 0.2498

QRFT, quadriceps rectus femoris thickness; QVIT, quadriceps vastus intermedius thickness; RRT, renal 
replacement therapy. Mean (SD), data in mm.

Table 5. Measurements before and after RRT only in patients with negative weight change.

Nº Measurements Before After P

Assessor 1 231 11.7 (4.0) 11.6 (3.9) 0.0967

Assessor 2 258 11.5 (4.6) 11.4 (4.5) 0.2544

Mean (SD), data in mm.

The absolute interobserver and before-after variability, as expressed by the limits of agreement 
(±1.96 SD), was 4.1 mm (range 3.1 to 4.8 mm for each site), and 3.0 mm (range 2.3 to 3.8 mm), 
respectively (Table 6). The distributions of the differences are illustrated in Figures 2 and 3.
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Table 6. Interobserver and before- after RRT variability as expressed by the limits of agreement.

Parameter Bland-Altman: 2*1.96*SD

Interobserver variability (mm)

QRFT 1/2 3.0

QVIT 1/2 2.9

QRFT 2/3 3.8

QVIT 2/3 2.3

Total 2.8

Before versus after RRT variability (mm)

QRFT 1/2 4.1

QVIT 1/2 4.5

QRFT 2/3 4.8

QVIT 2/3 3.6

Total 3.1

QRFT, quadriceps rectus femoris thickness; QVIT, quadriceps vastus intermedius thickness; RRT, renal 
replacement therapy; SD, standard deviation.

Figure 2. Bland-Altman plots for agreement between assessors. The x-axis shows the mean of two mea-
surements performed by each assessor. The y-axis shows the difference between means of these values 
for each assessor. The horizontal lines parallel to the x-axis represent the mean difference and limits of 
agreement for that muscle parameter.

2
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Figure 3. Bland-Altman plots for agreement between measurements performed before and after RRT. 
The x-axis shows the mean of two values. The y-axis shows the difference between means of these values. 
The horizontal lines parallel to the x-axis represent the mean difference and limits of agreement for that 
muscle parameter.
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DISCUSSION
Our data confirm that US assessment of peripheral skeletal muscle has excellent reliability 
in critically ill patients with KDIGO stage 3 AKI, as previously shown in normal subjects (6).

The ICC value obtained in the interobserver reliability analysis was high (0.92), similar to the 
data of a very recent study on 149 ICU patients (ICC = 0.94) (8). The mean difference in muscle 
thickness values between assessors was statistically significant because of the large number 
of measurements performed by each assessor. However, this difference was approximately 
0.4 mm, which is not clinically relevant, suggesting that the technique is reliable even when 
different operators are involved. Furthermore, no significant difference was detected between 
pairs of measurements performed by each operator.

There is a strong need for reliable tools to evaluate and monitor nutritional status, particularly 
LBM, in patients with AKI. In this regard, nutritional parameters evaluated should be clinically 
relevant, repeatedly measurable at different time points at the bedside without patient 
discomfort, not influenced by non-nutritional factors, noninvasive and inexpensive; on these 
grounds, ultrasound techniques are clearly appealing.

Ultrasound techniques are increasingly used to assess muscle mass and quality, and have 
been applied in the ICU setting (4, 8, 9). To our knowledge, this is the first study assessing the 
reliability of this approach in critically ill patients with AKI on RRT. In our study, we could also 
demonstrate that US measurements of the quadriceps femoris muscle are not influenced by 
rapid fluid shifts, as it had been suggested by a previous study in a small number of critically 
ill patients with multiple organ failure (10).

Our study has several limitations. Firstly, we could not evaluate muscle cross-sectional area 
(CSA) or echogenicity. In fact, our probe length did not allow the evaluation of rectus femoris 
area, nor was a dedicated software to evaluate muscle echogenicity available. Secondly, we did 
not compare our measurements with those obtained with a gold standard method. A very good 
correlation with quadriceps muscle assessed by MRI has been previously demonstrated for US 
on subjects with long-term bed rest (5). While the recent VALIDIUM study has demonstrated 
only a moderate correlation between the quadriceps muscle layer thickness and CSA of the 
skeletal muscles measured by CT scan at the level of the third lumbar vertebra in critically 
ill patients (8). Thus, our study may prompt further validation studies directly comparing US 
with gold standard methods assessing muscle mass in the same district.

In conclusion, our data suggest that US could represent an easy, accurate, and non-
invasive method to evaluate quantitative changes of skeletal muscle in patients with AKI. 
Ultrasonography can be easily used at the bedside and, with appropriate training, it can also 
be performed by non-specialists.

2
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ABSTRACT
Background: Accelerated muscle wasting still represents a major issue in critically ill patients. 
However, a key problem in the intensive care unit is the lack of adequate tools for bedside 
evaluation of muscle mass. Moreover, when Acute Kidney Injury (AKI) coexists, fluid overload 
and/or rapid fluid shifts due to renal replacement therapies that frequently occur and may 
interfere with muscle mass assessment. The purpose of this study is to validate muscle 
ultrasound (US) by a gold standard (muscle CT scan) for the assessment of quadriceps muscle 
thickness in critically ill patients with AKI.

Methods: Quadriceps rectus femoris thickness and quadriceps vastus intermedius thickness 
of critically ill patients with AKI were blindly assessed at the same leg sites by both US and 
computed tomography (CT) scan. Using bivariate mixed-model linear regression analysis, we 
estimated, average difference in thickness between measurement sites, agreement (differential 
and proportional bias) of US compared to CT, and precision of the two methods, and 
eventually performed Bland-Altman analysis for repeated measurements on pooled results.

Results: We analyzed 233 couples of measurements (30 patients). Average muscle thickness 
ranged between 1.0 and 1.6, depending on the measurement site. When comparing US to CT, 
both the observed differential bias (between +0.04 and +0.26 cm depending on the muscle 
site) and the proportional bias (between 82% and 98% of the reference values, depending on 
the muscle site) were not statistically significant. However, precision analysis showed that US 
scan tended to be slightly less precise in comparison to CT. Bland-Altman analysis on pooled 
results showed that the 95% limits of agreement between the US and CT were narrow, ranging 
from -0.34 to +0.36 cm.

Conclusion: In critically ill patients with AKI, quadriceps muscle thickness assessment based 
on US is unbiased, although it occurs with a minor loss of precision compared to CT.

Key words: acute kidney injury, computerized tomography scan, critical illness, intensive 
care unit, muscle mass, ultrasound
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INTRODUCTION
Critically ill patients almost inevitably suffer an important and accelerated skeletal muscle 
loss already occurring in the first few days of intensive care unit (ICU) stay (1-3).

This pathological condition, could represent a major cause of delayed weaning from 
mechanical ventilation, and is a well-known predictor of increased in-hospital mortality and 
morbidity (4,5). Muscle mass at the time of ICU admission and discharge also has a significant 
impact both on the patients’ outcomes and on the degree of functional recovery achieved 
in the medium- and long term in survivors (6,7). Finally, low muscle mass is associated with 
increased disability and higher risk for discharge into long-term care facilities (8,9).

The pathogenesis of muscle wasting in the ICU is complex. Many factors are involved, such as 
undernutrition, increased catabolism due to stress-related cortisol response and, systemic 
inflammation, acute comorbidities (trauma, burns etc.), immobilization and the use of 
sedation/neuromuscular blockers (2).

A key problem in the critically ill is the lack of adequate tools for routine muscle mass evaluation 
and monitoring at the bedside (10). In fact, the deranged metabolic milieu, as well as fluid 
overload and the acute phase response may significantly interfere with the use of conventional 
methods for muscle mass evaluation, such as anthropometry and bioimpedance analysis (10). 
This is even more true in case of Acute Kidney Injury (AKI) (10), a frequent complication in this 
clinical setting, especially when sepsis coexists or develops (11,12). Even though Dual Energy 
X-ray Absorptiometry (DEXA), Computed Tomography scan (CT) and Magnetic Resonance 
Imaging (MRI) are considered the reference standard techniques for the assessment of skeletal 
muscle mass and body composition, they cannot be used routinely with this aim in the ICU (13).

The use of ultrasound (US) for the assessment of muscle mass has aroused considerable 
interest in recent years. Muscle US is a noninvasive technique easily applicable at the bedside 
even in non-collaborative patients, it is economically advantageous, viable, safe and does 
not require specialized staff or X-ray exposure (14-16). Its reliability has been recently well 
documented in critically ill patients with AKI (15). In addition, the US technique seems to be 
poorly influenced by the rapid and relevant fluid shifts typical of patients with AKI on Renal 
Replacement Therapies (RRT). In fact, no differences were found in these patients between 
measurements performed before and after RRT sessions (15), and this features have also been 
confirmed in end-stage renal patients on conventional hemodialysis (16). However, to the best 
of our knowledge, a formal validation study of US assessment of skeletal muscle against a 
gold standard technique in the setting of AKI has never been performed. Pending the results 
of such study, US measurement of muscle mass may not be safely used for clinical practice 
in AKI, and US measurement numeric values may not be compared across different studies.

3
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With this background, we aimed at validating US for the assessment of quadriceps femoris 
thickness in critically ill patients with AKI, using CT scan as the reference method. To this 
purpose, we applied a novel analytic approach that allows a detailed assessment, at 
each muscle site, of the amount of differential and proportional bias between US and CT 
measurements, as well as the precision of US measurements in comparison to CT.

METHODS
We conducted a cross-sectional observational study in the Renal ICU of the Parma University 
Hospital. Procedures were performed in accordance to the Helsinki declaration. Informed 
consent was obtained from patients or their next of kin. The study was approved by the Local 
Ethics Committee Area Vasta Emilia Nord (AVEN). Adult patients with a diagnosis of AKI on 
the basis of the KDIGO criteria (17) consecutively admitted from March 15, 2017 to March 15, 
2018, and in whom CT scan was performed for any medical reason, were eligible. We used the 
STARD checklist when writing our report (18).

- US technique
Quadriceps rectus femoris thickness (QRFT) and quadriceps vastus intermedius thickness 
(QVIT) were measured by B-mode ultrasonography, wall tracking ultrasound system (Philips 
hd7xe) with a 7.5 MHz linear array transducer (L12-3 transducer), as previously described in 
detail (15). The right and left quadriceps values were assessed in both legs with the patient 
lying in a supine position with both knees extended but relaxed and toes pointing to the 
ceiling. A metric tape was used to identify and mark the two reference points in each leg. QRFT 
and QVIT were measured at the border between the upper third (RF,Prox; VI,Prox) and lower 
two-thirds (RF,Dist; VI,Dist) between the anterior superior iliac spine (ASIS) and the upper 
pole of the patella (15,19). The transducer was placed perpendicular to the long axis of the 
thigh with a large amount of gel and with no pressure to avoid compression of the muscle. 
The assessor was positioned on the side of the patient while performing the measurements, 
and was allowed to tilt the probe to obtain the best possible image, in which RF and VI would 
be aligned and centered. Measurements were performed directly on the ultrasound machine 
while obtaining the images. The vertical diameter of the muscles was measured at the widest 
point, on the inner edge of the muscle fascia. All thickness measurements are expressed in 
centimeters. Ultrasound measurements were performed immediately before or not later than 
12h after CT scan (the median time lapse between US and CT scans measurements were 3h 
after the CT). The US assessor was blinded to the CT scan results.

- CT scan technique
CT scans were performed using a Somaton Definition Flash CT scanner. Patients that needed 
CT scan for any medical reason were eligible. When the physician decided a patient needed 
a CT scan, the responsible researcher contacted the reference radiologist for the study 
protocol, which was responsible for arranging the radiological measurements. At the time 
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of CT scan, the exam was extended to obtain a single slice for each point of reference in the 
legs (two images per patient). There was no limitation regarding the type of CT needed by the 
patient (abdominal, lung, lung+abdominal or lower limbs). Scans were taken exactly at the 
same sites used for the US. Sites utilized for CT scans and US measurements were marked 
with a temporary plastic electrode. Rectus femoris and vastus intermedius thicknesses 
were calculated using the Siemens Magic View VE 40 software, after manual outline with a 
movable cursor. The radiologist performing QRFT and QVIT assessments was blinded to US 
measurements.

- Demographics, clinical data, renal function and outcome: data were collected as per 
institutional routine at the time of ICU admission and during ICU stay, with special regard to 
demographic, clinical and laboratory data, renal function, acute and chronic comorbidities, 
severity of illness (APACHE II and SOFA scores), and data on renal replacement therapy.

STATISTICAL ANALYSIS
Validation studies require at least 100 measurements (20). In our study, we planned the 
enrollment of 30 patients with 8 measurements per patient (four in each leg). Stata SE release 
15 (2017, StataCorp, College Station, Tx, USA) was used for all the analyses which we carried out 
in three steps. First, we fitted a bivariate mixed model to joint CT and US data using the Stata 
program gsem with patients included as random effects, in order to estimate the differences in 
muscle thickness between muscle types (VI vs RF), different positions (distal vs proximal) and 
different sides (left vs right). Since we did not find any difference between left and right side, in 
the subsequent analyses we regarded the two sides as duplicate measurements of a constant 
value. The lack of difference between the right and left side was an expected finding since none 
of the patients had history of surgery on lower limbs and none of them were athletes. In a 
second stage, we used the approach of Taffé (21) to consistently quantify, for each muscle type 
and position, the amount of differential and proportional biases between US and CT (which 
we displayed as “bias plots”) and to compare precision between the two methods (which 
was displayed as “precision plots”). These analyses, which were carried out with the program 
biasplot (22), allowed for heteroscedastic measurement errors (i.e. measurement error 
changing with the level of the true -latent- value of muscle thickness). Since the differential 
and proportional bias between US and CT were non-statistically significant in any muscle 
type or positions, in the final stage we pooled all the data together and drew a Bland-Altman 
plot with 95% limits of agreement. We calculated those limits assuming that the observed 
differences between US and CT resulted from the sum of the overall mean difference (bias), of 
random-subjects effect (heterogeneity) and of random error within the subject (23). For the 
purpose, we calculated the paired difference between US and CT and fitted a mixed model 
with muscle type and position as fixed effects.

3
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RESULTS
Thirty-four patients were eligible for the study. We enrolled 30 critically ill patients (17 males) 
with AKI, and we obtained 233 coupled measurements (1 patient had all his 4 proximal 
measurements excluded because the CT image was obtained on the wrong place, 1 patient 
was morbidly obese and his proximal VI muscle in both legs were not visible, and in 1 patient 
the image obtained of his proximal VI muscle on the right leg had an artifact that did not allow 
for a measurement). Four patients were excluded because CT scan images were not available 
due to technical or clinical problems. Patients were studied within 5 days (range 1 – 19) of the 
diagnosis pf AKI. The mean age of the cohort was 70 (± 13.6) years. Clinical and demographic 
data are shown in Table 1. The average APACHE II score was 21 (±6); the median SOFA score was 
7 (2 – 16). The majority of patients (17/30, 57%) had chronic kidney disease (CKD) prior to the ICU 
admission (AKI on CKD). Sixty percent of patients (18/30) underwent renal replacement therapy 
(RRT) within the first 24h after ICU admission. Sixty-seven percent of all patients were oliguric 
and 27% were septic. Two hundred thirty-three couples of measurements were analyzed.

Table 1. Demographic and clinical variables

Variables Values

Age 70 (± 13.6)

Male gender (%) 17/30 (57)

Body weight at admission (Kg) 82 (± 25)

BMI (Kg/m2)* 29 (± 7,2)

ICU admission principal diagnosis (%)
- Renal
- Septic shock
- Respiratory
- Intoxication
- Neurological

15/30 (50)
7/30 (23)
5/30 (17)
2/30 (7)
1/30 (3)

APACHE II score 21 (± 6)

SOFA Score (median, range) 7 (2-16)

Surgical status at admission (%)
1- Urgent
2- Non-surgical

3/30 (10)
27/30 (90)

Renal variables
- sCr at AKI diagnosis (mg/dL)
- BUN at AKI diagnosis (mg/dL)
- RRT during ICU stay

5.3 (3.5)
191 (118)
22/30 (73)
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Table 1. Continued

Variables Values

Chronic comorbidities (%)
- Hypertension
- Diabetes
- COPD
- Coronary artery disease
- Heart failure
- Peripheral vascular disease
- Immunocompromised
- Chronic liver disease
- Malignancy
- Chronic kidney disease (no dialysis)

18/30 (60)
13/30 (43)
3/30 (10)
5/30 (17)
9/30 (30)
12/30 (40)
4/30 (13)
4/30 (13)
1/30 (3)
17/30 (57)

Acute comorbidities at ICU admission (first 24h) (%)
- Acute kidney injury
- Septic status
- Renal replacement therapy
- Oliguria
- Vasoactive drugs

25/30 (83)
8/30 (27)
18/30 (60)
20/30 (67)
9/30 (30)

*Available in 18 patients. BMI, Body mass index; BUN, Blood urea nitrogen; COPD, Chronic obstructive 
pulmonary disease; ICU, Intensive care unit; RRT, Renal replacement therapy; sCr, serum creatinine. 
Continuous variables are expressed as mean (standard deviation) unless otherwise specified.

Table 2 reports the average muscle thickness of each measurement. Bivariate analysis (Figure 1)  
showed that, as expected, US and CT yielded identical values of muscle thickness comparing 
left to right side (-0.03cm (P=0.32), and -0.018 (P=0.50), for US and CT, respectively).

Table 2. Pairwise comparison between Ultrasound and CT scan measurements

Variable Value obtained using US (cm) Value obtained using CT (cm)

RF r Prox 1.58 (0.33) 1.60 (0.41)

VI r Prox 1.19 (0.43) 1.16 (0.44)

RF r Dist 1.13 (0.36) 1.12 (0.35)

VI r Dist 1.02 (0.39) 0.98 (0.42)

RF l Prox 1.57 (0.35) 1.59 (0.38)

VI l Prox 1.12 (0.39) 1.13 (0.39)

RF l Dist 1.15 (0.37) 1.13 (0.35)

VI l Dist 0.97 (0.39) 0.95 (0.39)

CT, computerized tomography; Dist, distal; l, left; RF, rectus femoris; Prox, proximal; r, right; US, 
ultrasound; VI Vastus intermedius.

In contrast, in both US and CT scans, VI differed from RF, and Distal differed from Proximal 
measurement by approximately -0.3 cm (P<0.001 for the comparison between VI vs RF 
and between Proximal vs Distal, both in US and CT scans; Figure 1). The estimated SD of 
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measurement error was approximately 0.2 cm for both techniques, although it was numerically 
slightly larger for US compared to CT (Figure 1). The overall standard deviation of between-
individual differences was approximately 0.35 cm (Figure 1).

Figure 1. Schematic representation of the bivariate mixed model fitted on joint CT and US data to esti-
mate the differences in muscle thickness between muscle types (VI vs RF), different positions (distal vs 
proximal) and different sides (left vs right).

There was no difference in muscle thickness between the left and right side for both CT 
(-0.018cm (P=0.50)) and US (-0.03cm (P=0.32)). On the other hand, VI muscle thickness was 
lower compared to RF (-0.286cm for CT (P<0.001) and -0.264 for US (P<0.001)) and Distal muscle 
thickness was lower compared to Proximal thickness (-0.34cm for CT (P<0.001) and -0.313c, 
for US (P<0.001)). The variance of measurement error was 0.042cm, and 0.052cm for CT and 
US, respectively (the standard deviations, which are obtained by taking the square root of the 
variance, were 0.20cm, and 0.23, respectively; P=0.14). The between-subject variance was 
0.12cm (the standard deviation was 0.35cm).

The expressions “Gaussian” and “Identity” in the square boxes indicate that the dependent 
variables CT and US were analyzed as normally distributed variables (i.e. “Gaussian”), and 
that the regression model was an ordinary linear regression model on its natural scale (i.e. 
“Identity”), in cm. Rectangles represent the independent variables, whereas circles represent 
errors. According to the model there are two kinds of error (i.e. two causes of random variation 
about the population average at each measurement site) namely, measurement error (i.e. 
intra-patient variability), which is represented by the circle containing the letter “ε” and, error 
due to inter-patient variability, which is represented by the circle containing (“id”); the latter 
is drawn under a gray-shaded stripe to indicate that this error is shared by all measurements 
taken from the same patient. Arrows represent what causes a given CT or US measurement take 
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its specific observed value. Number along arrows represent coefficients, whereas numbers 
close to circles represent the variance of the error, and in the square box the overall mean in 
the reference category (i.e. proximal right rectus femoralis)..

For instance, for a given patient, the CT distal vastus intermedius measurement is equal to 
1.539 cm, minus 0.286 cm (because the site is vastus intermedius instead of retus femoralis), 
minus 0.342 cm (because the site it is distal instead of proximal), plus/minus the measurement 
error ε1 in cm, plus/minus the extent in cm the patient differed from average value.

CT, Computer tomography scan; US, Ultrasound scan; VI, vastus intermedius muscle; RF, rectus 
femoralis muscle; Prox, proximal measurement; Dist measurement ε1, variance (i.e. standard 
deviation squared) of CT measurement error; ε2, variance (i.e. standard deviation squared) 
of US measurement error; id between-subject variance (i.e. standard deviation squared) in 
muscle thickness.

Figure 2 (panel A-D) and Table 3 shows the bias analysis comparing US and CT. When comparing 
US to CT, both the observed differential bias (between +0.04 and +0.26 cm, depending on 
the muscle site) and the proportional bias (between 82% and 98% of the reference value, 
depending on the muscle site) were not statistically significant. Besides statistical significance 
the point estimates of the differential bias and proportional bias of US vs CT were remarkably 
close to the null value (i.e. 0cm, and 100%, respectively), with the possible exception of the 
RF, Proximal (Figure 2 panel A, and Table 3).

3
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Figure 2. Bias plots showing bias comparing US (blue dots and fitted line) vs CT (brown dots and fitted line).

The left y-axis shows the US and CT measures (in cm), whereas the right y-axis shows the 
bias (cm). The x-axis reports the true (latent) value of muscle thickness. The dotted red line 
refers to the bias, which has to be compared to the horizontal red line representing the ideal 
line of complete absence of bias. The bias changes linearly as a function of the true (latent) 
value of muscle thickness. The subtitle on the top reports the bias as absolute difference in 
cm (differential bias) and relative difference in percentage (proportional bias). Numerically, 
compared to CT, on US scan RF, Prox was on average +0.26cm thicker (differential bias), 
although the percentage difference of US vs CT was 83%, (proportional bias) implying that the 
bias tended to change with larger absolute values of muscle thickness: the larger the muscle 
thickness the less positive the bias.

CT, Computer tomography scan; US, Ultrasound scan; VI, vastus intermedius muscle; RF, rectus 
femoralis muscle; Prox, proximal measurement; Dist measurement.
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Table 3. Estimated bias comparing US vs CT

Differential Bias –cm
(95% confidence interval)
comparing US vs CT

Proportional Bias -%
(95% confidence interval)
comparing US vs CT

RF, Prox +0.26 (-0.03 to +0.56) 82.3% (63.2 to 100.1)

RF, Dist +0.04 (-0.24 to 0.33) 97.7% (72.5 to 122.9)

VI, Prox +0.09 (-0.13 to +30.6) 93.7% (74.6 to 112.8)

VI, Dist +0.05 (-0.04 to +0.14) 97.9% (88.0 to 107.8)

Bias comparing US vs CT as absolute difference in cm (differential bias) and relative difference in 
percentage (proportional bias). A 95% confidence interval of the differential bias including the 
value of zero implies non-statistical significance; a 95% confidence interval of the proportional 
bias including the value of 100 implies non statistical significance. Numerically, compared 
to CT, on US scan RF, Prox was on average +0.26cm thicker (differential bias), although the 
percentage difference of US vs CT was 83%, (proportional bias) implying that the bias tended 
to change with larger absolute values of muscle thickness: the larger the muscle thickness: 
the less positive the difference between US and CT. However, the 95% of the confidence 
interval of the differential bias of +0.26cm included zero, and the 95% confidence interval 
of the proportional bias included 100, therefore US and CT were not significantly different.

CT, Computer tomography scan; US, Ultrasound scan; VI, vastus intermedius muscle; RF, rectus 
femoralis muscle; Prox, proximal measurement; Dist measurement

Figure 3 (panel A-D) reports the precision plots, showing that, confirming the finding reported 
above, US scan tended to be a slightly less precise technique compare to CT, over all the range 
of values of muscle thickness.
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Figure 3. Precision plots showing precision comparing US (blue circles) vs CT (brown circles).

The y-axis represents precision, which is displaied as the standard deviation σ (i.e. the square 
root of the variance) of the measurement error in cm. The x-axis reports the true (latent) value 
of muscle thickness. Compared to CT (brown circles) , US (blue circles) tended to be slightly 
less precise (i.e to have a larger values of σ) over the entire range of values of muscle thickness 
for any measurement (RF, VI, proximal and distal).

CT, Computer tomography scan; US, Ultrasound scan; VI, vastus intermedius muscle; RF, rectus 
femoralis muscle; Prox, proximal measurement; Dist measurement.

Since the differential and proportional bias estimates were similar between VI, RF, Proximal 
and Distal, and the measurement error was anyhow close between US and CT and it was also 
approximately constant over all the range of muscle thickness values, we pooled all the data 
to draw a Bland-Altman plot with 95% limits of agreement (Figure 4) which were between 
-0.34 and +0.36cm.
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Figure 4. Bland-Altman plot showing 95% limits of agreement between US and CT with all data pooled 
together.

The y-axis represents the difference between US and CT, the x-axis their average. The solid 
horizontal black lines represent the 95% limits of agreement, which were -0.34 and +0.36 cm, 
respectively. The dotted red lines represent the (negligible) bias, both as a constant value 
(horizontal line, analogous to the differential bias shown above) and as a linear function of the 
mean (line with declining slope, analogous to the proportional bias shown above).

CT, Computer tomography scan; US, Ultrasound scan; VI, vastus intermedius muscle; RF, rectus 
femoralis muscle; Prox, proximal measurement; Dist measurement.

DISCUSSION
In the present study, we newly report how the US technique compares to CT scan for 
the measurement of quadriceps muscle thickness of critically ill patients with AKI. Our 
study provides evidence that, compared to CT scan, US bias is negligible for most of the 
measurements, and its precision is close to that of CT scan.

Data are in accordance to other studies validating the US technique for the assessment of 
quadriceps muscle mass in clinical settings different from the ICU (24,25). In one study in 
patients with coronary artery disease (CAD), rectus femoris thickness of 20 patients was 
measured by US and compared to CT scans (24). A high correlation between measurements 
with low bias and narrow limits of agreement was found. In another study in patients with 
chronic obstructive pulmonary disease (COPD), rectus femoris cross-sectional area (RFCSA) 
assessed by US was compared to the whole quadriceps cross-sectional area (QCSA) assessed 
by CT (25). A high intra-class correlation coefficient (ICC = 0.88), with non-significant bias, was 
found. Recently, muscle US measurements have been validated against CT scan also in patients 

3

Thesis Alice - V2.indd   49Thesis Alice - V2.indd   49 08-11-21   12:2008-11-21   12:20



50 CHAPTER 3

with chronic kidney disease (26). Similarly, studies comparing muscle mass measurement 
obtained by MRI, another gold standard technique, and US found no difference between the 
different methods, again confirming very high correlation coefficients and agreement in young 
and elderly healthy subjects (27-29). In a study comparing quadriceps thickness measured by 
US and DEXA in COPD patients, US was found to have good reproducibility, and to be more 
sensitive to changes in muscle mass when compared to DEXA (30).

To our knowledge, this is the first study evaluating the validity of quadriceps muscle thickness 
assessment by US against a standard reference method in a cohort of critically ill patients. 
Earlier studies in critically ill patients compared US with muscle biopsies (1), or with muscle 
strength, as assessed using the Medical Research Council score (MRC-SS), or with muscle 
function, as assessed using the physical function in intensive care test score (PFIT-s) and the 
ICU mobility scale (IMS) (31). In these studies, muscle US was able to detect muscle loss (1), 
and to predict muscle strength and function (31).

Muscle US has been shown to be sensitive enough to detect even small changes in muscle 
mass during the first 10 days of ICU stay (1,31,32). In addition, muscle wasting, as assessed by 
bedside US, was able to predict adverse outcomes in surgical ICU patients (33). In the critical 
care setting, the stratification of patients at risk of muscle wasting is essential to allow the 
optimization of the clinical and therapeutic management aimed at preventing muscle loss, 
and muscle US could represent a very useful screening tool in this regard (34). A recent review 
analyzed 7 studies for a total of 330 patients admitted to the ICU for at least 7 days, suffering 
from sepsis and multi-organ failure, in which the Authors used US to evaluate muscle thickness 
or cross-sectional area at the level of the arm, forearm and thigh (14). Muscle thickness at ICU 
admission was significantly decreased compared to healthy controls. In addition, decreased 
quadriceps muscle size as measured by US was an independent risk factor for unscheduled 
readmission or death in another study (35). Thus, muscle US could represent in the future an 
important tool for both nutritional screening and prognostic assessment.

One additional strength of our study is that it provides US methodology estimates that can 
be used to develop and implement new protocols. Besides quantifying measurement error 
(standard deviation of 0.2cm), we demonstrated that in a relatively old non-athletic population 
there is no difference between quadriceps muscle thicknesses in both legs, as expected, that 
the proximal measurements were thicker than the distal measurements and that the rectus 
femoris muscle was thicker than the vastus intermedius by about 0.3 cm. However, in the 
bias analysis, we noticed that the rectus femoris proximal measurement (RF, Prox) had the 
largest measurement error. Despite its non-statistical significance, it is important to notice 
that this repere tended to be the largest, suggesting a possible source of error in untrained 
assessors that might put more pressure on the probe to visualize the whole muscle. To allow 
for an accurate image and measurement is very important to use excess contact gel between 
the probe and the thigh, in order to put as little pressure as possible. Overall, the US took less 
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than 10 minutes to set up and complete image acquisition and less than 10 minutes per image 
to complete measurement analysis.

It is important to address the limitations of our study, as well as the possible limitations for 
the use of US for the assessment of muscle mass. First of all, due to the limited number of 
patients enrolled we could not explore the prognostic value of quadriceps muscle thickness 
in the specific population of critically ill patients with AKI. Nevertheless, as reported above, 
a recent study in the ICU setting suggests that reduced muscle mass as assessed by US may 
predict adverse outcomes (33). Secondly, the assessment of muscle thickness by US may be 
operator dependent. In our study, only one experienced assessor was responsible for all the 
US measurements. However, a reliability study published by our group on patients in the same 
clinical setting found high intraclass correlation coefficients (ICC) between non experienced 
operators that have received formal training and followed a standardized protocol in order 
to obtain US images and measuring muscle thickness (15).

In conclusion, US is a simple, easily applicable, valid, accurate and reliable method for skeletal 
muscle evaluation in critically ill patients with AKI. In these patients, quadriceps muscle 
thickness assessed by US is consistent with CT measures, and could have value both in the 
clinical practice of nutritional support, as well, as potentially, for risk stratification.

Further studies aimed at defining cut-off values for normal muscle mass are needed, in order 
to allow the early identification of patients with low muscle mass at ICU admission.

Practical application: Quadriceps muscle ultrasound is a reliable and valid method for bedside 
muscle mass evaluation in critically ill patients with AKI. In addition, the present paper provides 
practical information for the implementation of US-based protocols for muscle mass assessment.
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ABSTRACT
Background and Aims: Protein-Energy Wasting (PEW) is a pathological condition of renal 
patients with advanced Chronic Kidney Disease characterized by a progressive reduction of 
energy and protein assets. The assessment of nutritional status, especially for what concerns 
muscle mass, is essential for the identification of patients at risk for the development of PEW, 
as well as monitoring the effects of nutritional interventions. Ultrasound methods are easily 
applicable at the bedside for quantitative assessment of skeletal muscle.

The present study was aimed at evaluating quadriceps rectus femoris thickness (QRFT) and 
quadriceps vastus intermedius thickness (QVIT) in patients on chronic hemodialysis. .

Methods: This was a prospective observational study. Three groups of adult patients 
were studied: young healthy subjects, well-nourished hospitalized patients with normal 
renal function, and End-Stage Renal Disease patients on hemodialysis (ESRD-HD). QRFT 
and QVIT were measured at two sites bilaterally (8 measures/patient) and were compared 
between groups, and also between subgroups of ESRD-HD patients stratified on the basis of 
conventional nutritional status parameters.

Results: We enrolled 35 healthy subjects, 30 hospitalized patients, and 121 ESRD patients on 
hemodialysis. QRFT and QVIT of ESRD patients on hemodialysis were lower than those of both 
control groups (P < 0.001). After stratifying ESRD patients into subgroups based on nutritional 
variable cut-offs commonly used to define PEW in this clinical setting (BMI (≥ 23 versus < 23 
Kg/m2), albumin (≥ 3.8 versus < 3.8 g/dL)) and malnutrition inflammation score (MIS) status (< 
6 versus ≥ 6), QRFT and QVIT of patients with worse nutritional status were significantly lower 
than those of well-nourished ESRD-HD patients (P value range: < 0.001 - < 0.05).

Conclusion: Skeletal muscle ultrasound is a simple and easily applicable bedside technique 
in the dialysis units, and could represent an adequate tool for the identification of patients 
with reduced muscle mass.

Key words: hemodialysis, nutritional status evaluation, protein energy wasting, skeletal 
muscle mass, ultrasound.
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INTRODUCTION
End-Stage Renal Disease on chronic hemodialysis (ESRD-HD) is characterized by progressive 
worsening of nutritional status with a high prevalence of Protein-Energy Wasting (PEW) (1), a 
pathological condition associated with poor outcome (1). Thus, the assessment of nutritional 
status is essential both for preventing PEW in patients at risk, and for monitoring nutritional 
support in those with established PEW (2).

In this regard, increasing attention is devoted to the assessment of muscle mass. Skeletal 
muscle is in fact the largest store of Lean Body Mass (LBM) protein, and its quantitative/
qualitative alterations may impact negatively on patients’ quality of life and prognosis 
(3). In ESRD-HD patients muscle mass is usually assessed by bedside techniques, such as 
anthropometry, bioimpedance spectroscopy (BIS), or bioimpedance analysis (BIA), which 
however have some limitations (3). As a matter of fact, the gold standard imaging techniques 
such as computerized tomography (CT), magnetic resonance imaging (MRI), and Dual Energy 
X-ray Absorptiometry (DEXA) are expensive, not available at the bedside, and finally imply 
exposure to radiation or strong magnetic fields. Conversely, ultrasonography (US) is commonly 
available in many different clinical settings, can be applied to the evaluation of different 
skeletal muscle groups, and allows bedside serial measurements of muscle cross-sectional 
diameter and area (4, 5). Thus, this noninvasive method could represent a good alternative 
to more sophisticated and expensive techniques. Ultrasonographic measurements of the 
quadriceps muscle (the single largest skeletal muscle group in the body) are highly correlated 
to muscle mass as assessed by gold standard methods (6, 7). Specifically, quadriceps femoris 
muscle thickness best correlates with fat-free mass by DEXA (6), and appears to be as accurate 
as the quantification of muscle mass by CT or MRI (7, 8). Finally, quadriceps femoris US has been 
suggested recently as a reliable and easily reproducible method to assess muscle thickness 
in patients with Acute Kidney Injury (AKI) (9). The same study also showed that even the rapid 
fluid shifts caused by renal replacement therapy in edematous patients did not affect US 
measurements of quadriceps muscle thickness (9).

No data are currently available on the utilization of quadriceps femoris muscle US in patients 
with ESRD-HDs. Thus, in the present study we performed US measurements to assess the 
thickness of two out of four muscles constituting the quadriceps femoris (namely, the rectus 
femoris (quadriceps rectus femoris thickness, QRFT) and the vastus intermedius (quadriceps 
vastus intermedius thickness, QVIT)) in patients with ESRD-HD. Healthy subjects and sedentary 
hospitalized patients with normal renal function and nutritional status were used as controls.

The specific aims of the study were:
a) to evaluate if QRFT and QVIT are decreased in patients with ESRD-HD in comparison to both 

healthy subjects and well-nourished hospitalized patients with normal renal function;
b) to evaluate if QRFT and QVIT are different in patients with ESRD-HD when they are stratified 

based on conventional diagnostic criteria for PEW;

4
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c) to ascertain if a correlation exists between US measures and conventional variables uti-
lized for the evaluation of muscle mass and nutritional status in the same clinical setting;

d) to ascertain if measurements in ESRD-HD are affected by the dialysis procedure itself.

MATERIALS AND METHODS
This was a cross-sectional, prospective observational study performed in Italy at six 
Hemodialysis Centers of the Italian National Health System (Parma, Borgo Val di Taro, Livorno, 
Piombino, Cecina and Reggio Emilia). The study was approved by the local Institutional Review 
Boards (Ref. n° 45737, December 12th, 2015). The procedures were in agreement with the 
Declaration of Helsinki, and written informed consent was obtained from all participants.

The following groups of subjects were enrolled:
A – Healthy subjects: We enrolled 35 subjects from the hospital staff. Inclusion criteria were BMI 
> 18.5 Kg/m2, Subjective Global Assessment (SGA) class A, absence of chronic or acute illnesses.

B – Hospitalized patients with normal renal function: We enrolled 30 hospitalized adult patients 
with normal renal function from internal medicine wards. Inclusion criteria were BMI > 18.5 
Kg/m2, SGA class A and eGFR > 90 ml/min/1.73 m2 by the CKD-EPI equation. Heart failure, 
chronic obstructive pulmonary disease, chronic liver disease, chronic use of corticosteroids, 
malignancy, proteinuria, or diabetes mellitus were considered as exclusion criteria.

C – One hundred twenty-one adult ESRD-HD patients with at least 6-months dialysis vintage. 
Malignancy or conditions with mandatory immobilization (e.g., amputation) were considered 
as exclusion criteria.

D – Thirty additional ESRD-HD patients were enrolled for the comparison between US muscle 
measurements taken at the start and immediately after the end of the dialysis session

ULTRASONOGRAPHIC TECHNIQUE
QRFT and QVIT were measured by experienced assessors (renal dietician or nephrologists) 
using B-mode, wall-tracking US systems (Philips HD7xe, Logiq and General Electric) and 7.5 
MHz linear array transducers. The transducer was placed perpendicular to the long axis of 
the thigh with abundant use of contact gel and minimal pressure to avoid compression of 
the muscle. Measurements were performed in a standardized way at the level of two specific 
landmarks, the midpoint and the border between the lower third and the upper two-thirds 
between the superior anterior iliac spine and the upper pole of the patella, as previously 
described (9). The right and left quadriceps femoris muscle thickness were measured in both 
legs with the patient lying in a supine position, with both knees extended but relaxed and toes 
pointing upwards. Assessors performed two measurements at the level of each landmark (for 
a total of 8 measurements in each subject) immediately before each hemodialysis session, 
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and the average of the values obtained for each site was used in the analyses. QRFT and QVIT 
were measured at the internal limit of the muscle. For the comparison between measurements 
performed before and after hemodialysis, measurements were performed by the same 
assessor immediately before and within 15 minutes after the end of each session.

NUTRITIONAL STATUS EVALUATION
Patients with ESRD were independently evaluated by a different assessor for protein-energy 
wasting (PEW) using the International-Society for Renal Nutrition and Metabolism (ISRNM) 
recommendations (10), and a PEW diagnosis was made accordingly.

In addition, the SGA status was defined (11) and the malnutrition inflammation score (MIS) 
was calculated (12).

DEMOGRAPHIC AND CLINICAL VARIABLES
Demographic, clinical and anthropometric data (height, body weight, BMI, triceps skinfold and 
mid-arm circumference) were collected for all groups. In ESRD patients, dialysis characteristics, 
chronic comorbidities and laboratory data were also collected.

STATISTICAL ANALYSIS
Based on the data from a previous study (9) we estimated that sample sizes of 43 and 129 in 
the control and ESRD group would achieve an approximate 80% power to detect a difference 
of -0.2 cm between the null hypothesis that both groups means are 0.12 cm and the alternative 
hypothesis that the mean of the control group is 0.14 cm when the estimated common standard 
deviation is 0.4 cm (i.e. that the effect size of the difference between ESRD-HD and the control 
group is 0.50) and the significance level is 0.05, using a two-sided two-sample t-test.

Data are expressed as mean and standard deviation, or median and range for continuous 
variables, as appropriate. Categorical variables are expressed as frequencies (percentage). To 
analyze differences in muscle thickness among groups of patients we fitted a linear mixed model 
with group as main factor (i.e. ESRD-HD patients, hospitalized patients and healthy subjects) 
and age, gender and BMI as covariates. In further analyses exploring differences in muscle 
thickness in ESRD-HD patients after stratification based on conventional diagnostic criteria 
for PEW, we fitted linear mixed models with subgroup as main factor and age, gender and BMI 
(stratification by serum albumin or MIS) or age and gender (stratification by BMI) as covariates.

The correlation between nutritional variables (BMI, Albumin, MIS score and arm muscle area) 
and ultrasound was assessed by Pearson’s correlation coefficient for parametric data and 
Spearman correlation coefficient for non-parametric data.

4
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For the comparison between measurements performed before and after the hemodialysis 
session, we performed a paired t-test. Data analysis was performed using SPSS (Version 23, 
Armonk, NY: IBM Corp. USA).

RESULTS

CLINICAL AND DEMOGRAPHIC VARIABLES
Both ESRD-HD patients and hospitalized patients were significantly older compared to the 
healthy subjects control group. Male patients were more prevalent in the ESRD-HD group. BMI 
values were not significantly different among the three groups (Table 1).

Table 1 – Demographic and anthropometric data of healthy subjects, hospitalized patients and ESRD-
HD patients

Healthy subjects
(n = 35)

Hospitalized patients
(n = 30)

ESRD-HD
(n = 121) ANOVA

Age (SD) 41 (10.0)^ 63 (17.2)* 67 (16) < 0.001

Gender (male) % 15/35 (43%)# 16/30 (53%)* 79/121 (65%) 0.046

Height, cm (SD) 170 (9)* 169 (10)* 166 (9) 0.050

Weight, Kg (SD) 70.5 (16.6) 75.4 (16.2)# 68.1 (12.4) 0.037

BMI (SD) 24.3 (4.6)* 26.4 (4.8)* 24.9 (4.6) 0.16

Data are expressed as mean (standard deviation). Gender is reported as percentage of males .
^P<0.001 vs ESRD, #P<0.05 vs ESRD, *non-statistically significant vs ESRD, post-hoc multiple comparisons 
with Dunn’s test.
BMI, body mass index;; ESRD, end-stage renal disease.

Clinical, metabolic and nutritional variables of the entire ESRD-HD cohort are reported in 
Table 2. On average, these patients had a fair dietary protein intake (DPI) (1.11 (SD 0.27) g/Kg/
day), low serum albumin (3.63 (SD 0.39) g/dl), and only a limited number of cases of PEW (14% 
(17/121)) as diagnosed by the ISRNM criteria.

Table 2. Clinical, metabolic and nutritional variables of ESRD-HD patients.

Variable All patients (n = 121)

Laboratory data

BUN (mg/dl) 48 (20)

sCr (mg/dl) 8.8 (3.4)

Transferrin (mg/dl) 192 (43)

CRP (mg/l) (median (range)) 1.41 (0.0 – 191.7)

Albumin (g/dl) 3.63 (0.39)

DPI (g/Kg/day) 1.11 (0.27)
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Table 2. Continued

Variable All patients (n = 121)

Cholesterol (mg/dl) 155 (41)

Triglycerides (mg/dl) 158 (90)

Diabetes mellitus (%) 30/121 (25)

COPD (%) 11/121 (9)

Peripheral vascular disease (%) 36/121 (30)

Cerebral vasculopathy (%) 25/121 (21)

Coronary artery disease (%) 30/121 (25)

Chronic heart failure (%) 11/121 (9)

Nutritional status

SGA score 29 (4.7)

MIS score (median (range)) 6 (1 – 22)

AMA (cm2) 47.9 (13.1)

Body weight (Kg) 68.1 (12.4)

BMI 24.9 (4.6)

PEW status (%) 17/121 (14)

Data are expressed as mean (standard deviation), except when differently specified.
AMA, Arm muscle area; BMI, Body mass index; BUN, Blood urea nitrogen; COPD, Chronic obstructive 
pulmonary disease; CRP, C-reactive protein; DPI, Dietary protein intake; MIS, Malnutrition inflammation 
score; PEW, Protein energy wasting; sCr, Serum creatinine; SGA, Subjective global assessment.

Table 3 illustrates the clinical and nutritional data of ESRD-HD patients when stratified by 
variables commonly used for the evaluation of the nutritional status in this clinical setting 
(BMI, albumin and MIS score status). No difference in DPI was found between subgroups (BMI 
≥ 23 Kg/m2 vs BMI < 23 Kg/m2: 1.08 ( SD 0.06) vs 1.12 ( SD 0.29), P = 0.40; albumin ≥ 3.8 g/dL 
vs albumin < 3.8 g/dL: 1.09 (SD 0.07) vs 1.14 (SD 0.26), P = 0.30; MIS score ≥ 6 vs MIS score < 6: 
1.08 (SD 0.25) vs 1.14 (SD 0.29), P = 0.25). There was no significant difference in inflammatory 
status as assessed by CRP; on the other hand, predictably, all of the variables used for the 
assessment of nutritional status were different between the BMI, and MIS subgroups. No 
differences were found in BMI and arm muscle area when ESRD-HD patients were stratified 
according to albumin status. Conversely, when patients were stratified according to the MIS 
score, BMI (P < 0.001) and arm muscle area (P = 0.004) were significantly different between 
the subgroups; significant differences between the MIS subgroups were also found in some 
metabolic variables, namely blood urea nitrogen (P < 0.001), serum creatinine (P = 0.003), 
serum transferrin (P< 0.001), and albumin (P < 0.001).

4
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COMPARISON BETWEEN US MEASUREMENTS PERFORMED BEFORE AND 
AFTER THE HEMODIALYSIS SESSION
Figure 1 illustrates the mean muscle thickness for both measurements. No significant 
difference was found between measurements performed before and after the hemodialysis 
session. Weight change was -2.25 (-0.5 – -3.6) Kg. We divided patients into 2 groups based on 
intradialytic weight-loss to assess (< - 2.25 Kg and > - 2.25 Kg) whether the amount of fluid 
removed could influence US measurements, no significant difference was found in neither the 
groups (data not shown). Demographic and clinical characteristics of the 30 patients enrolled 
in this part of the study are shown in the Supplementary Table 1.

Figure 1. Comparison between US measurements performed before and after the HD session.

Legend. Data are expressed as mean and standard deviation. No significant difference was found 
between measurements. HD, hemodialysis; US, ultrasound.

ULTRASONOGRAPHIC MEASUREMENTS OF MUSCLE THICKNESS
Figure 2 illustrates the values of QRFT and QVIT in ESRD-HD patients, hospitalized patients 
and healthy subjects. All measures of muscle thickness were significantly lower at all sites in 
ESRD-HD patients compared with the two control groups. After adjusting for gender, age and 
BMI, QRFT and QVIT of ESRD-HD patients remained significantly lower at all sites as compared 
to the healthy subjects group.

4
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Figure 2. Ultrasound measurements of QRFT and QVIT of ESRD-HD, healthy subjects and hospitalized patients

73

Ultrasonographic measurements of muscle thickness

Figure 2 illustrates the values of QRFT and QVIT in ESRD-HD patients, hospitalized 

patients and healthy subjects. All measures of muscle thickness were significantly lower at all 

sites in ESRD-HD patients compared with the two control groups. After adjusting for gender, 

age and BMI, QRFT and QVIT of ESRD-HD patients remained significantly lower at all 

sites as compared to the healthy subjects group. 

Figure 2. Ultrasound measurements of QRFT and QVIT of ESRD-HD, healthy subjects and 
hospitalized patients

Legend. Data are expressed as mean (standard deviation). P < 0.001 adjusted for age, sex and 
BMI. ° P<0.01, ^ P<0.001 vs healthy subjects; # P<0.05, § P<0.001 vs hospitalized patients.

Post-hoc pairwise comparisons by Sidak’s test based on estimated marginal means in the 
mixed linear model. BMI, body mass index; ESRD-HD, End-Stage Renal Disease; QRFT, 

quadriceps rectus femoris thickness; QVIT; quadriceps vastus intermedius thickness.

Patients with a BMI < 23 Kg/m2 showed decreased quadriceps muscle thickness at all of the 

explored sites compared to well-nourished patients. The differences in QVIT were greater 

than the differences in the QRFT, but all differences achieved statistical significance (Figure 

Legend. Data are expressed as mean (standard deviation). P < 0.001 adjusted for age, sex and BMI. ° 
P<0.01, ^ P<0.001 vs healthy subjects; # P<0.05, § P<0.001 vs hospitalized patients. Post-hoc pairwise 
comparisons by Sidak’s test based on estimated marginal means in the mixed linear model. BMI, body 
mass index; ESRD-HD, End-Stage Renal Disease; QRFT, quadriceps rectus femoris thickness; QVIT; 
quadriceps vastus intermedius thickness.

Patients with a BMI < 23 Kg/m2 showed decreased quadriceps muscle thickness at all of the 
explored sites compared to well-nourished patients. The differences in QVIT were greater 
than the differences in the QRFT, but all differences achieved statistical significance (Figure 
2A). At multivariable analysis, the adjusted differences in muscle thickness between the MIS 
subgroups were highly statistically significant (Figure 2C). Conversely, no differences were 
found in muscle thickness between patients with serum albumin <3.8 g/dL compared to those 
with serum albumin > 3.8 g/dL (Figure 2B).
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Figure 3 (A-C). QRFT and QVIT of ESRD-HD patients stratified based on BMI, albumin and MIS score status.

74

2A). At multivariable analysis, the adjusted differences in muscle thickness between the MIS 

subgroups were highly statistically significant (Figure 2C). Conversely, no differences were 

found in muscle thickness between patients with serum albumin <3.8 g/dL compared to those 

with serum albumin > 3.8 g/dL (Figure 2B).

Legends. Data are expressed as mean and standard deviation. BMI, Body mass index; ESRD, End-stage 
renal disease; MIS, Malnutrition inflammation score; QRFT, Quadriceps rectus femoris thickness; QVIT, 
Quadriceps vastus intermedius thickness. Figure 3 A. ESRD patients stratified by BMI. P < 0.01, adjusted 
for age and gender. ° P<0.01, § P<0.001 vs BMI<23. Post-hoc pairwise comparisons by Sidak’s test based 
on estimated marginal means in the mixed linear models. Figure 3B. ESRD patients stratified by albumin. 
No significant difference between groups, analysis adjusted for age, gender and BMI.
Figure 3C. ESRD patients stratified by MIS score. ^ P<0.001 vs MIS<6. Post-hoc pairwise comparisons by 
Sidak’s test based on estimated marginal means in the mixed linear models.

4
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CORRELATION BETWEEN CONVENTIONAL NUTRITIONAL VARIABLES AND 
QUADRICEPS MUSCLE THICKNESS ASSESSED BY US
Muscle ultrasonographic indexes were significantly and negatively correlated with the MIS 
score (r = -0.37 to -0.47, P < 0.001 for all sites of measurement). BMI (r= 0.19 to 0.36, P=0.04 to 
P<0.001 for all sites of measurement), albumin (r=0.19 to 0.27, P=0.03 to P=0.003 for all sites 
of measurement), and arm muscle area (r = 0.24 to 0.36, P=0.005 to P < 0.001 for all sites of 
measurement) had a weaker though significant positive correlation to quadriceps muscle 
thickness as assessed by US.

DISCUSSION
The main finding of this study is that ESRD-HD had lower quadriceps muscle thickness, 
as assessed by US measurement, in comparison to both younger healthy subjects and 
well-nourished hospitalized patients with normal renal function without acute or chronic 
comorbidities known to negatively influence nutritional status. This finding is unchanged 
even after adjusting for sex, age and BMI.

Our findings confirm recent data obtained in patients with chronic kidney disease (CKD) on 
conservative treatment, indicating that the prevalence of sarcopenia as assessed by DEXA was 
higher among patients with lower eGFR values and ≥ 60 years old (14). Moreover, our findings 
are in agreement with the results of another study performed with MRI, reporting that the 
volume of quadriceps muscle was significantly lower in ESRD-HD compared to controls (15).

When ESRD-HD patients are stratified for different indexes of nutritional status, muscle mass, 
as estimated by US measurement of quadriceps muscle thickness, was significantly decreased 
in malnourished patients. Adopting the ISRNM cut-off values for BMI clearly identified patients 
with reduced quadriceps muscle thickness and other altered nutritional variables, such as arm 
muscle area, SGA and MIS score. Similarly to the BMI, patients in the subgroup of the worse MIS 
score (≥ 6) had lower quadriceps muscle thickness, arm muscle area, BMI and SGA score, but 
also lower albumin and total transferrin levels. However, since albumin, transferrin, BMI and 
the SGA are part of the MIS, these results were not unexpected. On the other hand, stratification 
of ESRD-HD patients based on albumin cut-off values did not reveal significant differences in 
quadriceps muscle thickness, BMI or arm muscle area reinforcing the poor value of albumin 
for nutritional status evaluation in ESRD patients on hemodialysis, since this variable is 
known to be also influenced by the inflammatory status typical of ESRD-HD patients (16, 17).

We found low to moderate statistically significant correlations between muscle thickness 
measured by US and other nutritional variables (MIS, arm muscle area, albumin and BMI), with 
the strongest correlation being found between US measurements and the MIS score. A partial 
explanation for this finding may reside in the fact that the MIS score is a composite of different 
nutritional variables, while other variables assessed in this study do not directly reflect (e.g., 
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albumin and BMI), or measure (e.g., arm muscle area) muscle mass. Although BMI was found 
to be significantly correlated (r = 0.69, P < 0.0001) with total body muscularity, as assessed by 
US measurements of muscle thickness at 9 body sites (18), a lower correlation with the muscle 
mass of one single limb may be expected.

Similarly to our study on patients with AKI (9), we confirmed that US measurements of the 
quadriceps femoris muscle are not influenced by rapid fluid shifts, even in chronically hyper-
hydrated patients.

We are not aware of other studies investigating US measurements of quadriceps muscle 
thickness in ESRD-HD patients on hemodialysis. Recently, we reported the high reliability 
and ease of this approach in a different group of patients with kidney disease, i.e., critically ill 
patients with Acute Kidney Injury (9).

It is important to address the limitations of our study. Firstly, no validation of US against a gold 
standard technique such as CT or MRI was obtained in our ESRD-HD patients. However, the US 
method for the evaluation of quadriceps femoris muscle has been validated in other clinical 
settings, such as COPD and coronary artery disease patients (7, 19). Secondly, since this was 
planned as an observational cross-sectional study, we could not explore the prognostic value 
of quadriceps muscle thickness in ESRD-HD. Nevertheless, a recent study in a different clinical 
setting, suggests that reduction in the rectus femoris area measured by US could represent 
an independent risk factor for hospital readmission and longer hospitalization (20). Thirdly, in 
addition to PEW, other factors are known negatively affect muscle mass, with the most relevant 
being the level of physical activity (21), a variable not taken into account in our study. Literature 
data indicate that in hemodialysis patients a sedentary lifestyle is predominant (22-25), and 
this could represent an important factor contributing to the reduced muscularity found in our 
study. Nevertheless, the stratification of our ESRD-HD patients into groups based on other 
nutritional parameters confirmed the lower muscularity in those with worse nutritional status. 
In addition, the prevalent sedentary lifestyle, and consequently lower muscularity, adds to 
the increased risk for sarcopenia of ESRD patients. Lastly, we choose two different control 
groups, young healthy subjects and well-nourished hospitalized patients with normal renal 
function. Despite the fact that our groups were not matched by age and sex, statistical analysis 
performed by adjusting for those two factors plus BMI, confirmed the difference between 
ESRD patients and healthy subjects.

The potential for US evaluation of skeletal muscles in ESRD-HD makes it possible to foresee 
its application to other important research topics. In a recent study in patients with Chronic 
Kidney Disease on conservative treatment (i.e. not yet started on dialysis), an increase in the 
area of the rectus femoris muscle measured by US was demonstrated in patients undergoing a 
physical exercise program compared to sedentary patients matched by age and comorbidities 
(26). Together with the early identification of patients in risk for PEW, the ability to directly 
measure the effectiveness of nutritional interventions and of physical activity intervention 
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programs aimed at improving muscle trophism and mass, could strongly support a more 
extensive application of muscle US in renal patients.

In conclusion, quadriceps muscle US is a simple technique, easily applicable at the bedside 
in dialysis units, and suitable for the identification of ESRD-HD patients with reduced muscle 
mass. Since US is widely available in the Nephrology setting, has a low cost, does not require 
dedicated staff (radiologists), is non-invasive, and does not provide radiation exposure, it could 
become a particularly useful tool for bedside evaluation of muscle mass. This could allow an 
early identification of patients at risk for PEW, as well as a close monitoring of nutritional and 
rehabilitative interventions aimed at increasing lean body mass.
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ABSTRACT
Background and aims: Critically ill patients with acute kidney injury (AKI) undergo major 
muscle wasting in the first few days of ICU stay. An important concern in this clinical setting 
is the lack of adequate tools for routine bedside evaluation of the skeletal muscle mass, both 
for the determination of nutritional status at admission, and for monitoring. In this regard, the 
present study aims to ascertain if ultrasound (US) is able to detect changes in quadriceps muscle 
thickness of critically ill patients with acute kidney injury (AKI) over short periods of time.

Methods: This is a prospective observational study with a follow-up at 5 days. All adult patients 
with AKI hospitalized at the Renal ICU of the Parma University Hospital over 12 months, with 
a hospital stay before ICU admission no longer than 72h, and with a planned ICU stay of at 
least 5 days, were eligible for the study. An experienced investigator assessed quadriceps 
rectus femoris and vastus intermedius thickness (QRFT and QVIT) at baseline and after 5 days 
of ICU stay.

Results: We enrolled 30 patients with 74 ± 11 years of age and APACHE II score of 22 ± 5. Muscle 
thickness decreased by 15% ± 13% within the first 5 days of ICU stay (P < 0.001 for all sites as 
compared to ICU admission). Patients with more severe muscle loss had a higher probability 
of prolonged hospitalization.

Conclusions: In critically ill patients with AKI, bedside muscle US identifies patients with 
accelerated muscle wasting.

Key words: Acute Kidney Injury; body composition; critical care; intensive care unit; muscle 
wasting; muscle ultrasound
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INTRODUCTION
Critically ill patients undergo major muscle wasting in the first few days of their ICU stay (1). 
Clinical consequences are represented by delayed functional recovery, difficult weaning from 
mechanical ventilation and increased mortality risk (1).

In this clinical setting an important cause of concern is the lack of adequate tools for routine 
bedside evaluation of the skeletal muscle mass (2). The reference methods considered as the 
gold standard for the assessment of skeletal muscle, such as computed tomography (CT), 
magnetic resonance imaging (MRI) and dual energy X-ray absorptiometry (DEXA) are not 
feasible for routine evaluation and monitoring of muscle mass and body composition (2). 
On the other hand, currently used bedside tools, such as bioimpedance analysis (BIA) and 
anthropometry, are not accurate enough in critically ill patients (2), mainly due to the possible 
interference of fluid overload, frequently observed especially when Acute Kidney Injury (AKI) 
coexists. Recently, the use of ultrasound (US) for the assessment of muscle dimensions has 
aroused considerable interest, and its reliability and validity have been documented also 
in critically ill patients with AKI (3, 4). US technique seems to be poorly influenced not only 
by fluid overload, but also by the rapid and relevant fluid shifts typical of patients with AKI 
undergoing Kidney Replacement Therapy (KRT) (3).

On this premise, in the present study we aimed to assess whether US is able to detect changes 
in muscle thickness of patients with AKI over a short period of time.

MATERIALS AND METHODS

PATIENTS
This is a prospective, longitudinal (5 days) observational study, conducted in the Renal ICU of 
the Parma University Hospital. Procedures were held in accordance to the Helsinki declaration 
and informed consent was obtained from patients or their next of kin. The study was approved 
by the local ethics committee (Comitato Etico di Area Vasta Emilia Nord, AVEN, Prot n. 43943 
– 03/12/2015).

All adult patients with AKI hospitalized in the Renal ICU from 15/03/2017 to 15/03/2018, with a 
hospital stay before ICU admission no longer than 72 hours, and with a predictable ICU stay of at 
least 5 days were eligible for the study. AKI was diagnosed according to KDIGO guideline criteria (5).

Already available data on quadriceps femoris US evaluation in healthy subjects (body mass 
index (BMI) > 18.5 Kg/m2, Subjective Global Assessment (SGA) class A, absence of chronic or 
acute illness) (6) were used for comparison with AKI patients, both at ICU admission and after 
5 days of ICU stay.

5
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METHODS
- US technique
The same experienced investigator (renal dietitian) performed all of the measurements. 
Quadriceps rectus femoris thickness (QRFT) and quadriceps vastus intermedius thickness 
(QVIT) were measured by B-mode ultrasonography, wall tracking ultrasound system (Philips 
hd7xe) with a 7.5 MHz linear array transducer (L12-3 transducer), as previously described in 
detail (3). All US measurements were performed in duplicate and the average of the scores 
used in final analyses. The transducer was placed perpendicular to the long axis of the thigh 
with a large amount of gel and no pressure to avoid compression of the muscle. QRFT and 
QVIT were measured at the midpoint (RF Prox; VI Prox) and at the border between the upper 
third and lower two-thirds (RF Dist; Prox Dist) between the anterior superior iliac spine (ASIS) 
and the upper pole of the patella (3, 7). The right and left quadriceps values were assessed 
in both legs with the patient lying in a supine position with both knees extended but relaxed 
and toes pointing to the ceiling. The assessor was positioned on the side of the patient while 
performing the measurements, and was allowed to tilt the probe to obtain the best possible 
image, in which RF and VI would be aligned and centered. Measurements were performed 
directly on the US machine while obtaining the images. The vertical diameter of the muscles 
was measured on the inner edge of the muscle fascia. US was performed twice during ICU 
stay, at baseline (at ICU admission) and after 5 days since the first measurement. Muscle US 
took less than 20 minutes to perform the measurements and complete the image acquisition.

- Demographics, clinical data, renal function and outcome: data were collected as per 
institutional routine at the time of ICU admission and during ICU stay, with special regard to 
demographic, body weight and height, clinical and laboratory data, renal function, acute and 
chronic comorbidities, severity of illness (APACHE II score), data on renal replacement therapy 
(RRT), length of stay and mortality.

- Outcomes: muscle loss after 5 days.

STATISTICAL ANALYSIS
Results are expressed as mean and standard deviation for continuous variables with normal 
distribution, or median and range for non-parametric data, and as frequencies for categorical 
variables. Group differences were analyzed using Student t test and Mann-Whitney’s U test for 
parametric and non-parametric data, respectively to assess difference between means of the 
control group and the patient group. ANCOVA was used to adjust the analysis by age and sex.

We examined the difference between muscle thickness at baseline and at 5 days after 
admission by mixed-effects models with patients fitted as random effects, and the four-way 
interaction term between time and each of the three sites of measurements (RF vs VI, Left vs 
Right, Proximal vs Distal) fitted as fixed effects. We examined the relation between baseline 
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comorbidities and change in muscle thickness by mixed-effects ANCOVA models in which 
muscle thickness at 5 days after admission was included as dependent variate and baseline 
thickness was included as covariate, in order to adjust for the correlation between change 
in muscle thickness and random differences in baseline values. We examined the relation 
between change in muscle thickness and ICU outcome (discharge, transferal to other health 
care facility, death) in two steps. First, we estimated the individual change over time in muscle 
thickness by the best linear unbiased predictions (BLUPs) of the random slope from mixed-
effects random coefficients models. Then, we fitted a multinomial logistic regression model 
where outcome (discharge, transferred to rehabilitation unit, death) was the dependent 
variable and the individual random slope the independent variable. Because of sparse data 
concerning mortality (five patients only) we did not report the findings on mortality. A two-
sided P value of less than 0.05 was regarded as statistically significant. Stata Release 16 
(StataCorp, College Station, TX, US) was used for all the analyses.

SAMPLE SIZE CALCULATIONS
No data are currently available in the literature on US evaluation and monitoring of quadriceps 
muscle mass in patients with AKI. In a recent study on ICU patients (8) 22 patients were enrolled 
in order to detect a 16% reduction in the quadriceps rectus femoris thickness after 5 days of 
ICU stay, with a power of 80% and a probability of type I error equal to 0.05. We enrolled 30 
patients to account for possible drop-outs.

RESULTS
Table 1 shows the baseline characteristics of the 30 patients studied. Seventy percent (21/30) 
were male with a mean ± SD age of 74±11 years, and they represented a severely critically 
ill cohort (APACHE II was 22 ± 5. A total of 472 images were analyzed across the 30 patients. 
Eighty-three percent of patients (25/30) were non-surgical patients and the main admission 
diagnosis in the ICU was renal, followed by sepsis. On average, patients were polymorbid (2.8 
± 1.7 comorbidities per patient), hypertension being the most frequent comorbidity. As to the 
usual renal function, 37% (11/30) had basal eGFR values < 60 ml/min/1.73 m2 (CKD stages 2 to 
5 non dialysis). At the time of first US evaluation, all of the patients had stage 3 AKI; in 21/30 
patients (70%) RRT was started as 10-12 hour lasting sustained low-efficiency dialysis. Oliguria 
was common (67%), as was sepsis (40%). ICU mortality was 17% (5/30); hospital mortality 
was 30% (9/30). The median (range) length of ICU stay was 15 (4-72) days, while the length of 
hospital stay was 34 (7-138). C-reactive protein was 109.2 mg/dL (± 68.1).

PATIENTS WITH AKI IN COMPARISON TO HEALTHY SUBJECTS
Demographic characteristics of control group (35 healthy subiects) are shown in Table 1, while 
US quadriceps muscle data are illustrated in Figure 1. In general, the control group was younger 
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and leaner than patients. At univariate analysis (Figure 1), muscle thickness of patients differed 
from that of the control group for all sites, both at T1 and T2. We also performed an adjusted 
analysis using ANCOVA corrected for age and sex. In the adjusted analysis, no difference 
was found between T1 values of muscle thickness and control group values; however, the 
difference between T2 values and the control group values remained statistically significant.

Table 1. Demographic and clinical data.

Variables Patients (n=30) Healthy subjects (n = 35)

Age 74 (10.6) 41 (10.0)*

Male sex (n, %) 21/30 (70) 15/35 (43)*

Body weight (Kg) 82 (13.2) 70.5 (16.6)*

Height (m) 1.67 (0.09) 1.70 (0.09)

BMI (Kg/m2) 29 (4.6) 24.3 (4.6)*

APACHE II 22 (5) NA

Main admission diagnosis (n, %)
- Renal
- Sepsis
- Respiratory
- Vascular
- Malignancy
- Cardiac

18/30 (60)
4/30 (14)
3/30 (10)
3/30 (10)
1/30 (3)
1/30 (3)

NA
NA
NA
NA
NA
NA

Surgical status (n, %)
- Urgent
- Programmed
- Non-surgical

2/30 (7)
3/30 (10)
25/30 (83)

NA
NA
NA

Chronic comorbidities (n, %)
- Hypertension
- Diabetes mellitus
- COPD
- Ischemic cardiopathy
- Heart failure
- Peripheral vascular disease
- Immunocompromised
- Chronic liver disease
- Malignancy
- Chronic kidney disease (not on dialysis)

23/30 (77)
11/30 (37)
7/30 (23)
7/30 (23)
8/30 (27)
5/30 (17)
2/30 (7)
2/30 (7)
6/30 (20)
11/30 (37)

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

Acute complications at first muscle US (n, %)
- Sepsis
- Invasive mechanical ventilation
- Non-invasive mechanical ventilation
- Oliguria
- Vasoactive drug need
- Renal replacement therapy

12/30 (40)
4/30 (13)
7/30 (23)
20/30 (67)
7/30 (23)
21/30 (70)

NA
NA
NA
NA
NA
NA
NA

ICU outcome (n, %)
- Death 5/30 (17) NA
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Table 1. Continued

Variables Patients (n=30) Healthy subjects (n = 35)

Hospital outcome (n, %)
- Death
- Discharged home
- Transferred to long-stay/rehabilitation ward
- Transferred to another hospital

9/30 (30)
15/30 (50)
2/30 (7)
4/30 (13)

NA
NA
NA
NA

ICU LOS median, range)
Hospital LOS (median, range)

15 (4-72)
34 (7-138)

NA
NA

Biochemical data

sCr (mg/dl) 6.3 (4) NA

BUN (mg/dl) 81.7 (36) NA

Albumin (g/dl) 2.8 (0.6) NA

CRP (mg/dl) 109.2 (68.1) NA

Data expressed as mean (standard deviation), frequencies and median (range). * P < 0.001 in comparison 
to AKI patients. BMI, body mass index; BUN, blood urea nitrogen; COPD, chronic obstructive pulmonary 
disease; CRP, C-reactive protein; ICU, intensive care unit; IMV, invasive mechanical ventilation; LOS, length 
of stay; NIMV, non-invasive mechanical ventilation; sCr, serum creatinine.

CHANGES IN MUSCLE THICKNESS BY US
Baseline (T1) and after 5 days (T2) mean ± SD values for RF and VI thickness are illustrated 
in figure 1; the difference between means was statistically significant for all sites (P < 0.001). 
On average, there was a mean clinically relevant reduction 15% (± 12%) in every site of 
measurement within the first 5 days of ICU stay (Table 2). Changes in VI Prox and Dist thickness 
(16-19%) were greater than in RF Prox and Dist thickness (11-13%).

5
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Figure 1. Muscle thickness of patients with AKI (baseline, T1, and after 5 days, T2), and control group.
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Figure 1. Muscle thickness of patients with AKI (baseline, T1, and after 5 days, T2), and 

control group. 

Legend. The first 2 columns represent the mean and 95 percent confidence interval (vertical 

bar) of muscle thickness at each measurement site as estimated by the mixed effect model, at 

baseline (T1) and after 5 days (T2). The third column represents the control group. The 

Legend. The first 2 columns represent the mean and 95 percent confidence interval (vertical bar) of 
muscle thickness at each measurement site as estimated by the mixed effect model, at baseline (T1) 
and after 5 days (T2). The third column represents the control group. The average difference between 
baseline and 5 days was statistically significant at all measurement sites (P<0.001). When comparing the 
difference between patients and healthy subjects, muscle thickness was different between controls and 
baseline (T1) values of patients: $ P = 0.001, # P < 0.05, P < 0.01; P < 0.001 in comparison to muscle thickness 
of patients after 5 days (T2). After adjusting the analysis for age and sex using ANCOVA, no statistically 
significant difference was found between T1 values and controls; when comparing to T2 values, muscle 
thickness difference remained statistically significant for all sites: * P < 0.01, § P < 0.05.

Table 2. Average percent reduction of muscle thickness after 5 days of ICU stay

Muscle site Average reduction (SD)

QRFT Prox r (n = 29) 11% (8%)

QVIT Prox r (n = 28) 18% (14%)

QRFT Dist r (n = 30) 11% (10%)

QVIT Dist r (n = 30) 17% (12%)

QRFT Prox l (n = 30) 13% (10%)

QVIT Prox l (n = 29) 19% (16%)

QRFT Dist l (n = 30) 12% (10%)

QVIT Dist l (n = 30) 16% (15%)

All measurements (n=236) 15% (12%)

Dist, distal; Prox, proximal; QRFT, quadriceps rectus femoris thickness; QVIT, quadriceps vastus 
intermedius thickness; Values expressed as mean (standard deviation).
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We did not find any association between baseline muscle thickness, inflammatory status 
(assessed by CRP and serum albumin), as well as chronic and acute comorbidities, with 
muscle loss (Supplementary table 1). Patients with the more severe muscle loss had a higher 
probability of having a prolonged hospital stay, which was determined by being transferred to 
rehabilitation unit instead of discharged home (OR: 0.04, 95%CI: 0.00- 0.74; P = 0.031) (Figure 2).

Supplementary table 1. Relation between baseline chronic and acute comorbidities and change in 
muscle thickness (ANCOVA).

Coefficient (SE) 95% Confidence interval, P

Chronic comorbidities

Hypertension 0.132 (0.13) -0.25; 0.37, 0.692

Diabetes -0.012 (0.20) -0.40; 0.38, 0.954

COPD 0.041 (0.33) -0.61; 0.69, 0.899

CAD 0.026 (0.13) -0.19; 0.25, 0.814

Heart failure -0.141 (0.10) -0.33; 0.05, 0.154

Peripheral vascular disease 0.132 (0.17) -0.20; 0.46, 0.436

Immunocompromised -0.002 (0.37) -0.73; 0.72, 0.995

Liver disease 0.103 (0.44) -0.76; 0.97, 0.815

Malignancy 0.009 (0.14) -0.27; 0.29, 0.945

CKD 0.112 (0.13) -0.14; 0.37, 0.389

Acute comorbidities

Sepsis 0.007 (0.18) -0.34; 0.35, 0.967

IMV 0.028 (0.24) -0.44; 0.50, 0.907

NIMV -0.029 (0.16) -0.34; 0.29, 0.857

Oliguria 0.067 (0.10) -0.13; 0.26, 0.508

Vasoactive drugs 0.180 (0.24) -0.28; 0.64, 0.443

RRT -0.110 (0.23) -0.28; 0.64, 0.443

Shock -0.087 (0.44) -0.96; 0.78, 0.844

Major bleeding 0.167 (0.48) -0.78; 1.11, 0.729

APACHE II 0.004 (0.02) -0.02; 0.03, 0.795

Biochemical markers

CRP -0.007 (0.00) -0.003; 0.002, 0.564

Serum albumin 0.100 (0.12) -0.14; 0.34, 0.406

Values expressed as mean (± SE). CAD, coronary artery disease; COPD, chronic obstructive pulmonary 
disease; CKD, chronic kidney disease; CRP, C-reactive protein; IMV, invasive mechanical ventilation; NIMV, 
non-invasive mechanical ventilation.
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Figure 2. Probability of discharge (dot green line) and of transferral to rehabilitation unit (solid red line) ac-
cording to the degree of muscle wasting (x-axis). The degree of muscle wasting is expressed as standard de-
viation unit from the mean, in which a negative number indicates higher muscle wasting, a positive number 
lower muscle wasting. The different shape of the relation between the dot green line and the solid red 
line was statistically significant (P=0.031). The probability of discharge was based on multinomial logistic 
model (mortality is not plotted because only five patients died). The independent variable of the multino-
mial logistic model was the degree of muscle wasting which was estimated by the mixed models (see text).
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DISCUSSION
Our study confirms that muscle loss may occur early and rapidly in the first 5 days of ICU 
stay, and extends previous observations in general ICU patients also to patients with AKI. At 
baseline, values of muscle thickness were not different from those of younger healthy subjects 
when the analysis were adjusted for age and sex. They were also similar to values previously 
reported in another study assessing elderly healthy subjects (9). However, at day 5, muscle 
mass was significantly reduced, both in comparison to baseline values and in comparison to 
the control group.

 In our study, the amount of muscle loss was similar to that observed in critically ill patients 
(8); in particular, at day 5, the VI muscle had the most important reduction in comparison 
to the RF muscle. Rectus femoris is often described as a power muscle designed to assist in 
fast movements, while VI is considered a stabilizing muscle that is important for maintaining 
posture. The identification of which muscles are more affected by immobilization and critical 
illness in ICU patients could provide important indications in order to more precisely target 
rehabilitation according to the type of muscle predominantly affected (VI-postural or RF-power).
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We demonstrated that an inverse relationship exists between the severity of muscle loss 
and the probability of discharge home. Although we can’t ascertain the causal relationship 
between muscle loss and outcome due to the small sample size, baseline sarcopenia assessed 
by US predicts adverse discharge disposition (death/transferal to nursing facilities) (10). In 
addition, muscle loss during ICU stay is a major contributor to functional disability (11). 
However, despite the rapidly loss faced during the first week of ICU stay, it remains unclear 
whether it is the change in muscle size from baseline or the total amount of muscle mass at 
admission that is the most important predictor of functional outcome and mortality (12). In 
our study, baseline muscle thickness did not correlate to the amount of muscle loss, which is 
in accordance to previous studies investigating muscle wasting in critically ill patients (11).

Despite its increasingly recognized importance, the assessment of muscle mass is challenging 
in the ICU setting, especially when inflammation and fluid imbalance are present. Currently 
available bedside methods (such as anthropometry and bioimpedance spectroscopy (BIS)) 
have important intrinsic limitations, due for example to fluid shifts typical of critically ill 
patients with AKI (13). Current recommended reference methods are hardly feasible in 
this clinical setting. Dual energy X-Ray absorptiometry (DEXA), which has been used and 
recommended by recent Consensus on sarcopenia to assess appendicular skeletal muscle 
mass (14), is also influenced by hydration status, because it assumes that lean body mass 
has a constant hydration of 73%, which is not the case in critically ill patients with AKI (15). 
In addition, DEXA is not feasible at the bedside and involves patient radiation exposure. 
Computed tomography (CT) has been recently used to assess muscle mass and its correlation 
with mortality in critically ill patients (16). Despite its excellent accuracy, CT is expensive, 
requires specialized personnel, and is available for muscle mass assessment only when CT is 
necessary for other diagnostic procedures on the lung or the abdomen. In recent years, muscle 
US has been increasingly studied in the kidney patient setting. Specifically, the reliability of 
the muscle US technique applied in the present study has been already reported in critically 
ill patients with AKI, along with excellent intraclass correlation coefficient (ICC) for inter and 
intra-operator comparisons (3). This methodology has already been validated in patients 
with AKI against muscle CT (17). Despite the lack of reference values to be applied at baseline 
and identify patients with pre-ICU low muscle mass and, therefore, increased nutritional risk, 
in the present study we showed that quadriceps muscle US is useful to monitor nutritional 
status of critically ill patients with AKI, and that increased muscle loss reduces the chance of 
being discharged home.

The main limitation of the present study relies in the small sample size, that does not allow 
further analysis regarding the effect of muscle loss and baseline muscle assets on mortality 
or functional outcomes. Further studies will be needed on larger cohorts of patients with AKI 
to allow for such analyses.

In conclusion, muscle wasting occurs early and rapidly within the first 5 days of ICU stay 
in critically ill patients with AKI. Muscle US is a sensible and feasible tool for the detection 
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of muscle wasting even in this clinical setting; moreover, it is easy to use, cheap and time-
efficient. In the future, studies defining cut-off values for muscularity are needed to allow the 
early identification of patients with low muscle mass at ICU admission.
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Quadriceps muscle thickness 
assessed by ultrasound 
outperforms conventional 
anthropometry in the evaluation 
of mortality risk in hemodialysis 
patients

Sabatino A, Kooman J, Di Motta T, Cantarelli C, Gregorini MC, Bian-
chi S, Farina MT, Di mario F, Regolisti G, Fiaccadori E
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ABSTRACT
Background: Muscle ultrasound (US) is a valid and reliable tool to assess skeletal muscle 
dimensions in patients on chronic hemodialysis (HD), however it has not been previously related 
to outcomes in this population. In the present study we assess the relation between dimensions 
derived from muscle US and outcomes in ESKD patients on HD in comparison to anthropometry.

Methods: 181 prevalent HD patients were prospectively evaluated. Quadriceps rectus femoris 
(QRFT) and vastus intermedius thickness (QVIT) were assessed using B-mode US, and were 
indexed for height. Mid-arm muscle circumference (MAMC) and area (MAMA) were assessed 
by anthropometry, and were also indexed for height. Median follow up time was 35 months. 
Kaplan-Meier and Cox regression analysis were used to assess the relation of gender-based 
percentiles (p) of US and anthropometric parameters with mortality.

Results: Unlike indexed MAMC and MAMA, both proximal as well as distal indexed QRFT 
and QVIT were significantly lower in patients who died as compared to patients who were 
alive at the end of the follow up period. The AUC values for the prediction of mortality were 
statistically significant at p25 and p50 US derived measurements, but not for anthropometry. 
In the adjusted Cox-regression analysis, the indexed MAMC and indexed distal QRFT and QVIT 
were independently related to mortality at p25 and p50.

Conclusion: Indexed QRFT and QVIT independently predicted mortality in patients on HD, and 
outperformed anthropometry in this respect. Muscle US is a simple practical tool that adds 
prognostic information to the bedside nutritional assessment in ESKD patients on maintenance HD.

Key words: end-stage kidney disease; hemodialysis; mortality; muscle mass; ultrasound
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INTRODUCTION
End-stage kidney disease (ESKD) is a catabolic condition characterized also by reduced protein 
synthesis (1). This imbalance between catabolism and anabolism results in skeletal muscle 
loss. In fact, despite muscle loss being also dependent on physiological ageing, it occurs earlier 
and more rapidly in patients on hemodialysis in comparison to age-matched controls (2,3). 
Reasons for this increase in catabolism are related to three main contributors, namely, the 
metabolic consequences of the loss of kidney function, the lifesaving kidney replacement 
therapy, and the presence of many other chronic comorbidities associated with negative 
impact on nutritional status (1).

Skeletal muscle is vital to mobility, posture, strength and balance, allowing for routine physical 
activities and exercise (4). In addition, it is also a pivotal metabolic and homeostatic organ (5). 
Most importantly, it plays a key role in protein metabolism as a source of amino acids when 
protein intake is insufficient, thus preserving the protein content of other essential organs (5,6). 
However, when muscles undergo chronic catabolism to supply amino acids for other metabolic 
purposes, without parallel activation of a compensatory increased protein synthesis, a reduction 
in muscle mass is observed. This very fact has potentially serious clinical consequences, such 
as muscle weakness, impaired physical function, increased morbidity and mortality (7).

Consequently, an important part of the routine nutritional evaluation of patients on chronic 
HD is represented by the assessment of body composition, which typically refers to the 
quantification of adipose tissue and muscle mass (8). Since the identification of reduced muscle 
mass is critical, a precise and accurate method that is also economically viable should be the 
preferred approach to diagnose muscle wasting, aiming for an early diagnosis and monitoring 
in patients at risk of muscle loss. In this regard, the use of ultrasound (US) for the assessment 
of muscle dimensions has received considerable interest in recent years. In fact, this diagnostic 
technique can be performed easily at the bedside even in non-collaborative patients, it is 
economically viable, safe and does not require specialized staff or X-ray exposure (9-11). The 
reliability of US in assessing quadriceps muscle thickness has recently been documented both 
in critically ill patients with AKI (10), in whom it has also been validated against CT (12), and in 
ESKD patients on HD (11). Muscle US is not affected by alterations in fluid status (10,11), which 
are very common in this clinical setting and one of the principal problems in applying currently 
available bedside techniques (13). However, the ability of this method to predict mortality 
has not been studied in the renal patient setting. Moreover, since the technique has been 
utilized only recently for body composition assessment, reference values are lacking. With 
this background, in the present study we aimed to evaluate the performance of quadriceps 
muscle thickness, as assessed by US, in predicting mortality in patients on maintenance HD. 
In addition, we derived possible cut-offs of muscle thickness that could predict mortality, 
and compared them with those derived from the conventional anthropometric assessment.

6
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MATERIALS AND METHODS

STUDY DESIGN AND PATIENTS
This is an ongoing observational prospective study of 181 prevalent patients on maintenance 
HD from 6 dialysis centers in northern and central Italy (3 in Parma, 1 in Reggio Emilia and 2 in 
Livorno). The study was approved by the local Institutional Review Board (AVEN ref. n° 45737, 
December 12th, 2015). The procedures were in agreement with the Declaration of Helsinki, 
and written informed consent was obtained from all participants. We referred to the STROBE 
checklist to report our results. Patients were evaluated between January 2016 and March 2018 
and followed for mortality events until April 2020, for a median of 35 months (interquartile range, 
23-41 months). Patients were censored if received kidney transplant or transferred to another 
center. The main objective of this cohort study was to assess the correlation between muscle 
thickness by ultrasound and other nutritional status evaluation parameters (11). Only adult 
patients (≥ 18 years of age) with a dialysis vintage of at least 6 months were enrolled. Patients 
with malignancy or with conditions associated with mandatory immobilization were excluded.

ULTRASOUND TECHNIQUE
Quadriceps rectus femoris and vastus intermedius thickness (QRFT and QVIT) were measured 
by experienced assessors using B-mode ultrasonography with a wall-tracking ultrasound 
system (Philips hd7xe, Logiq and General electric) and 7.5 MHz linear array transducers. The 
technique used has already been described in detail previously (10,11). Briefly, measurements 
were performed at two landmarks for each leg with the patient lying in a supine position with 
both knees extended but relaxed and toes pointing to the ceiling, during the HD session. 
Quadriceps rectus femoris and vastus intermedius thickness (QRFT; QVIT) were measured at 
the border between the upper third (QRFT Prox; QVIT Prox) and lower two-thirds (QRFT Dist; 
QVIT Dist) between the anterior superior iliac spine (ASIS) and the upper pole of the patella 
(10,14). The transducer was placed perpendicular to the long axis of the thigh with a large 
amount of gel and with no pressure to avoid compression of the muscle. The vertical diameter 
of the muscles was measured at the widest point, on the inner edge of the muscle fascia. 
Measurements were performed directly on line while obtaining the images. Three experienced 
assessors (one for the centers in Parma and Reggio Emilia, 1 for each center from Livorno), 
all of whom had received previously proper training on the described method, performed all 
measurements. Two measurements on both legs for each site were averaged and were used 
for the analysis (a total of 4 values for each subject). Previously published data shows that fluid 
overload do not interfere with quadriceps muscle US (10,11), and to allow standardization of 
the protocol, all measurements were performed before the hemodialysis session. For further 
analyses, measurements were normalized by height squared.

ANTHROPOMETRICS
Anthropometric measurements included body weight, height, mid-arm circumference (MAC) 
and triceps skinfold (TSKF) thickness assessed after the dialysis session. Body weight (Kg) 
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was assessed by electronic bed scales and height (m) using a stadiometer. TSKF (mm) was 
measured using the Lange Skinfold Caliper (Cambridge Scientific Industries Inc., Cambridge, 
MD, USA) and MAC was assessed by a non-stretchable measure tape. Body mass index 
(BMI) was calculated as body weight (Kg) divided by square height (m2), mid-arm muscle 
circumference (MAMC) and mid-arm muscle area (MAMA) were normalized by height squared 
(indexed MAMC and MAMA) and were calculated with the following equations:

MAMC (cm)= MAC (cm) – (π x TSKF(cm))
MAMA (cm2) = (MAC (cm) – (TSKF(cm)* π))2

4 π

BIOCHEMICAL MEASUREMENTS
Blood samples were collected pre-dialysis as per institutional routine, preferably on a midweek 
dialysis day, for assessment of serum creatinine, blood urea nitrogen (BUN), phosphate, PTH, 
albumin, and C-reactive protein (CRP).

STATISTICAL ANALYSIS
Results are expressed as mean and standard deviation for continuous variables with normal 
distribution, or median and range for non-parametric data, and as frequencies for categorical 
variables. Group differences were analyzed using Student t test and Mann-Whitney’s U test 
for parametric and non-parametric data, respectively to assess difference between means of 
deceased and living patients. Muscle thickness assessed by US was distributed in percentiles 
based on gender. Receiver operating characteristic (ROC) curve analysis was applied for p10, p25 
and p50 whereby the area under the curve (AUC) indicated the probability of measures to identify 
patients at risk of mortality. The same analysis was used for indexed MAMC and MAMA. Kaplan-
Meier survival analysis and Cox proportional-hazards regression analysis were performed 
applying the derived cut-offs for muscle dimensions. Cox proportional-hazards regression 
analysis was adjusted for confounding variables identified by univariate analysis (age, serum 
albumin, serum CRP, diabetes, COPD, cardiovascular diseases, heart failure). All analyses were 
performed using IBM Statistical Package for Social Sciences version 26.0 (IBM SPSS Statistics 
Inc. Chicago IL. USA). Statistical significance was set at p < 0.05 for all tested parameters.

RESULTS

1. CLINICAL AND DEMOGRAPHIC CHARACTERISTICS OF ENROLLED 
PATIENTS
We enrolled 181 patients, (123 males (68%), mean age 65 ± 16 years) (Table 1). Males and 
females differed by dry body weight and height (but not BMI), blood urea nitrogen (BUN), 
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prevalence of chronic obstructive pulmonary disease, peripheral and cerebral vascular 
disease, TSKF thickness, indexed MAMC and MAMA and all absolute values of quadriceps 
muscle thickness (Table 1). However, when muscle thickness was normalized by height squared 
(QRFT and QVIT index), no difference was found between groups.

Table 1. Demographic and clinical characteristics of the entire cohort.

Overall (n = 181) Male (n = 123) Female (n = 58)

Age (years) 65 (16) 66 (17) 64 (16)

Sex (%) 123/181 (68) - -

Time in study (median; interquartile range) 
(months)

35 (22; 41) 34 (20; 41) 36 (26; 41)

HD vintage (median; interquartile range) 
(months)

55 (17; 96) 57 (17; 97) 50 (17; 96)

Body weight (Kg) 68.6 (12.8) 71.2 (12.0) 63 (13)***

Height (cm) 166 (8.7) 170 (6.6) 157 (6.3)***

BMI (Kg/m2) 24.8 (4.5) 24.6 (4.2) 25.3 (5.1)

Biochemical data

sCr (mg/dl) 8.7 (3.1) 9.0 (3.3) 8.2 (2.5)

BUN (mg/dl) 70.1 (18.7) 67.9 (16.5) 74.8 (22.1)*

P (mg/dl) 5.2 (1.6) 5.2 (1.7) 5.3 (1.5)

PTH (pg/ml) 208 (98; 365) 192 (103; 340) 242 (77; 459)

Albumin (g/dl) 3.7 (0.4) 3.7 (0.4) 3.6 (0.3)

CRP (mg/l) 0.87 (0.26; 2.75) 0.95 (0.95; 3) 0.71 (0.22; 2.36)

Comorbidities

Diabetes mellitus (%) 51/181 (28) 36/123 (29) 15/58 (26)

COPD (%) 15/181 (8) 14/123 (11) 1/58 (2)*

Cardiovascular diseases (%) 77/181 (43) 57/123 (46) 20/58 (34)

Heart failure (%) 21/181 (12) 16/123 (13) 5/58 (9)

Anthropometry and muscle US

Triceps SKF (mm) 13.1 (6) 11.7 (5.3) 16.1 (6.2)***

MAC (cm) 28.5 (4.1) 28.1 (3.8) 29.2 (4.8)

MAMC (cm) 24.4 (3.2) 24.5 (3.1) 24.2 (3.4)

MAMC index (cm/height2) 8.9 (1.6) 8.5 (1.3) 9.8 (1.7)***

MAMA (cm2) 48.2 (12.8) 48.6 (12.2) 47.4 (14.1)

MAMA index (cm2/height2) 17.6 (5.3) 16.8 (4.6) 19.2 (6.1)*

QRFT Prox (mm) 16.1 (4.4) 16.8 (4.5) 14.4 (3.7)***

QVIT Prox (mm) 13.1 (4.8) 13.9 (5.3) 11.5 (3.0)**

QRFT Dist (mm) 10.9 (3.6) 11.4 (3.8) 9.8 (2.9)**

QVIT Dist (mm) 10.1 (3.4) 10.6 (3.7) 8.8 (2.4)***
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Table 1. Continued

Overall (n = 181) Male (n = 123) Female (n = 58)

QRFT Prox index (mm/height2) 5.8 (1.6) 5.8 (1.6) 5.7 (1.4)

QVIT Prox index (mm/height2) 4.8 (1.7) 4.8 (1.8) 4.7 (1.3)

QRFT Dist index (mm/height2) 3.9 (1.3) 4.0 (1.3) 3.9 (1.1)

QVIT Dist index (mm/height2) 3.6 (1.2) 3.7 (1.3) 3.5 (1.0)

Deceased (%) 66/181 (36) 49/123 (40) 17/58 (29)

*** P < 0.0001; ** P < 0.01; * P < 0.05, female versus male patients. Data are expressed as mean (SD), 
median (interquartile range) and frequency (%). BMI, body mass index; BUN, blood urea nitrogen; CAD, 
coronary arterial disease; COPD, chronic obstructive pulmonary disease; CRP, C-reactive protein; DM, 
diabetes mellitus; HD, hemodialysis; MAC, mid-arm circumference; MAMA, mid-arm muscle area; MAMC, 
mid-arm muscle circumference; PTH, parathyroid hormone; QRFT, quadriceps rectus femoris thickness; 
QVIT, quadriceps vastus intermedius thickness.

2. COMPARISON BETWEEN DECEASED AND ALIVE PATIENTS
Overall, patients were followed for a median of 35 months (interquartile range, 22 to 41 
months). During this period, 36% (66/181) died. Patients who died were older, had lower 
serum albumin, and higher serum CRP values. In addition, they had higher prevalence of 
comorbidities and lower muscle thickness as assessed by US (Table 2 and Figure 1). Conversely, 
MAMC index and MAMA index were not different between groups (Figure 1). However, TSKF 
thickness, an index of fat mass, was lower in deceased patients.

Table 2. Demographic and clinical characteristics according to mortality status

Deceased (n = 66) Alive (n = 115) P

Age (years) 73.7 (12.6) 60.8 (16.7) < 0.0001

Male sex (%) 49/66 (74) 74/115 (64) 0.19

HD vintage (median; interquartile range) (month) 60 (29; 109) 50 (16; 95) 0.16

Kt/V* 1.48 (0.28) 1.49 (0.29) 0.799

BMI (Kg/m2) 24.5 (4.1) 25.0 (4.7) 0.48

Albumin (g/dl) 3.6 (0.4) 3.8 (0.4) < 0.0001

CRP (mg/l) 1.36 (0.51; 3.35) 0.79 (0.19; 2.34) 0.02

Comorbidities

Diabetes mellitus (%) 27/66 (41) 24/115 (21) 0.006

COPD (%) 11/66 (17) 4/115 (3.5) 0.004

Cardiovascular diseases (%) 41/66 (62) 36/115 (31) < 0.0001

Heart failure (%) 14/66 (21) 7/115 (6) 0.003

Anthropometry and muscle US

TSKF (mm) 11.6 (6.5) 14.0 (5.5) 0.008

MAC (cm) 27.7 (4.1) 28.9 (4.1) 0.04
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Table 2. Continued

Deceased (n = 66) Alive (n = 115) P

MAMC (cm) 24.0 (3.0) 24.6 (3.4) 0.27

MAMC index (cm/height2) 8.7 (1.6) 8.9 (1.5) 0.43

MAMA (cm2) 46.6 (11.3) 49.1 (13.6) 0.21

MAMA index (cm2/height2) 16.9 (4.8) 18.0 (5.5) 0.28

QRFT Prox index (mm/height2) 5.3 (1.5) 6.1 (1.5) 0.0007

QVIT Prox index (mm/height2) 4.2 (1.3) 5.1 (1.8) 0.0003

QRFT Dist index (mm/height2) 3.5 (1.2) 4.2 (1.3) 0.0004

QVIT Dist index (mm/height2) 3.2 (1.1) 3.9 (1.2) 0.001

*Available for 115 patients. Data expressed as mean (SD), median (interquartile range) and frequency 
(%). BMI, body mass index; COPD, chronic obstructive pulmonary disease; CRP, C-reactive protein; Dist, 
distal; DM, diabetes mellitus; HD, hemodialysis; MAC, mid-arm circumference; MAMA, mid-arm muscle 
area; MAMC, mid-arm muscle circumference; PTH, parathormone; Prox, proximal; QRFT, quadriceps 
rectus femoris thickness; QVIT, quadriceps vastus intermedius thickness; TSKF, triceps skinfold.

Figure 1. Box-plot of the differences in muscle dimensions assessed by ultrasound and anthropometry 
between deceased and living patients.
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Figure 1. Box-plot of the differences in muscle dimensions assessed by ultrasound and 

anthropometry between deceased and living patients. 

Legend. § P < 0.001. MAMC, Mid-arm muscle circumference; MAMA, Mid-arm muscle 

area; RF, Rectus femoris, VI, Vastus intermedius. 

  

3. Association of muscle dimensions as assessed by US and anthropometry with 

mortality  

Indexed QRFT and QVIT measured at proximal and distal sites differed significantly 

between deceased and alive patients (Table 2). At univariate analysis, age, serum albumin, 

serum CRP, presence of diabetes, COPD, cardiovascular diseases and heart failure were also 

different between groups. 

We used the p10, p25 and p50 values of the gender-stratified distributions of indexed muscle 

dimensions as assessed by US and anthropometry (for the complete distribution see 

Supplementary table 1), as the cut-off values to identify patients with low muscle mass, and 

analyzed its relation with mortality using ROC curves (Table 3). The AUC of indexed 

MAMC and MAMA was not statistically significant for any percentile, whilst the distal 

values of indexed QRFT and QVIT were statistically significant at p25 and p50, with p50 

showing the highest sensitivity.  

Legend. § P < 0.001. MAMC, Mid-arm muscle circumference; MAMA, Mid-arm muscle area; RF, Rectus 
femoris, VI, Vastus intermedius.

3. ASSOCIATION OF MUSCLE DIMENSIONS AS ASSESSED BY US AND 
ANTHROPOMETRY WITH MORTALITY
Indexed QRFT and QVIT measured at proximal and distal sites differed significantly between 
deceased and alive patients (Table 2). At univariate analysis, age, serum albumin, serum CRP, 
presence of diabetes, COPD, cardiovascular diseases and heart failure were also different 
between groups.
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We used the p10, p25 and p50 values of the gender-stratified distributions of indexed 
muscle dimensions as assessed by US and anthropometry (for the complete distribution see 
Supplementary table 1), as the cut-off values to identify patients with low muscle mass, and 
analyzed its relation with mortality using ROC curves (Table 3). The AUC of indexed MAMC and 
MAMA was not statistically significant for any percentile, whilst the distal values of indexed QRFT 
and QVIT were statistically significant at p25 and p50, with p50 showing the highest sensitivity.

Table 3. Area under curve for different cut-offs of muscle dimensions obtained by ultrasound and 
anthropometry.

p10 AUC (95%CI), P Sensitivity Specificity

QRFT Prox index (3.60 male; 3.62 female) 0.57 (0.48 - 0.66), 0.12 18.2 95.6

QVIT Prox index (2.76 male; 2.85 female) 0.56 (0.47 - 0.65), 0.20 16.7 94.8

QRFT Dist index (2.20 male; 2.44 female) 0.57 (0.48 - 0.66) 0.12 18.2 95.6

QVIT Dist index (2.28 male; 2.41 female) 0.54 (0.46 - 0.63), 0.31 15.1 93.9

MAMC index (6.9 male; 7.8 female) 0.51 (0.43 - 0.60), 0.74 9.1 93.9

MAMA index (11.6 male; 13.0 female) 0.50 (0.41 - 0.59), 0.97 9.1 91.2

p25 AUC (95%CI), P Sensitivity Specificity

QRFT Prox index (4.76 male; 4.81 female) 0.58 (0.49 - 0.67), 0.06 34.8 81.7

QVIT Prox index (3.56 male; 3.80 female) 0.58 (0.49 - 0.67), 0.078 34.9 80.9

QRFT Dist index (3.15 male; 2.9 female) 0.59 (0.50 - 0.68), 0.04 36.4 81.7

QVIT Dist index (2.61 male; 2.94 female) 0.60 (0.51 - 0.69), 0.02 37.9 82.6

MAMC index (7.50 male; 8.60 female) 0.55 (0.47 - 0.65), 0.19 25.8 85.9

MAMA index (13.30 male; 14.90 female) 0.53 (0.44 - 0.62), 0.49 27.3 78.9

p50 AUC (95%CI), P Sensitivity Specificity

QRFT Prox index (5.81 male; 5.77 female) 0.57 (0.48 - 0.65), 0.139 57.6 55.6

QVIT Prox index (4.57 male; 4.80 female) 0.58 (0.49 - 0.67), 0.069 60.6 55.6

QRFT Dist index (3.89 male; 4.02 female) 0.62 (0.53 - 0.70), 0.009 65.1 58.3

QVIT Dist index (3.44 male; 3.50 female) 0.63 (0.54 - 0.71), 0.005 65.2 60.0

MAMC index (8.30 male; 9.30 female) 0.52 (0.43 - 0.61), 0.66 47.0 57.0

MAMA index (16.0 male; 17.20 female) 0.51 (0.42 - 0.60), 0.79 51.5 50.9

AUC, Area under the curve; CI, Confidence interval; MAMA, Mid-arm muscle area; MAMC, Mid-arm 
muscle circumference; QRFT, quadriceps rectus femoris thickness; QVIT, quadriceps vastus intermedius 
thickness. QRFT and QVIT index are presented in mm/m2; MAMC index is presented in cm/m2, and MAMA 
index is presented as cm2/m2

Kaplan-Meier curves were fitted to p10 (Figure 2A-F), p25 (Figure 3A-F) and p50 (Figure 4A-F) 
indexed values of quadriceps muscle thickness and anthropometric muscle dimensions. 
Survival curves for indexed QRFT and QVIT were statistically significant for all analyzed 
percentiles, while only indexed MAMC at p25 was statistically significant.
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Figure 2A-F. Kaplan-Meier survival curves according to reduced muscle dimensions as assessed by ul-
trasound and anthropometry using p10 as the reference value.
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Survival curves for indexed QRFT and QVIT were statistically significant for all analyzed 

percentiles, while only indexed MAMC at p25 was statistically significant. 

Figure 2A-F. Kaplan-Meier survival curves according to reduced muscle dimensions as 

assessed by ultrasound and anthropometry using p10 as the reference value. 

Legend. 

A. Proximal QRFT index (male: 3.6; female: 3.62 mm/m2) 

B. Proximal QVIT index (male: 2.76; female: 2.85 mm/m2) 

C. Distal QRFT index (male: 2.20; female: 2.44 mm/m2) 

D. Distal QVIT index (male: 2.28; female: 2.41 mm/m2) 

E. MAMC index (male: 6.9; female: 7.8 cm/m2) 

F. MAMA index (male: 11.6; female: 13.0 cm2/m2) 

MAMC, Mid-arm muscle circumference; MAMA, Mid-arm muscle area; QRFT, quadriceps 

rectus femoris; QVIT, quadriceps vastus intermedius thickness. 

Legend.
A. Proximal QRFT index (male: 3.6; female: 3.62 mm/m2)
B. Proximal QVIT index (male: 2.76; female: 2.85 mm/m2)
C. Distal QRFT index (male: 2.20; female: 2.44 mm/m2)
D. Distal QVIT index (male: 2.28; female: 2.41 mm/m2)
E. MAMC index (male: 6.9; female: 7.8 cm/m2)
F. MAMA index (male: 11.6; female: 13.0 cm2/m2)
MAMC, Mid-arm muscle circumference; MAMA, Mid-arm muscle area; QRFT, quadriceps rectus femoris; 
QVIT, quadriceps vastus intermedius thickness.

Figure 3A-F. Kaplan-Meier survival curve based on the presence of low muscle dimensions as assessed 
by ultrasound and anthropometry using p25 as the reference value.
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Figure 3A-F. Kaplan-Meier survival curve based on the presence of low muscle dimensions 

as assessed by ultrasound and anthropometry using p25 as the reference value. 

Legend. 

A. Proximal QRFT index (male: 4.76; female: 4.81 mm/m2) 

B. Proximal QVIT index (male: 3.56; female: 3.80 mm/m2) 

C. Distal QRFT index (male: 3.15; female: 2.90 mm/m2) 

D. Distal QVIT index (male: 2.61; female: 2.94 mm/m2) 

E. MAMC index (male: 7.5; female: 8.6 cm/m2) 

F. MAMA index (male: 13.3; female: 14.9 cm2/m2) 

MAMC, Mid-arm muscle circumference; MAMA, Mid-arm muscle area; QRFT, quadriceps 

rectus femoris; QVIT, quadriceps vastus intermedius thickness. 
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Figure 3A-F. Continued

Legend.
A. Proximal QRFT index (male: 4.76; female: 4.81 mm/m2)
B. Proximal QVIT index (male: 3.56; female: 3.80 mm/m2)
C. Distal QRFT index (male: 3.15; female: 2.90 mm/m2)
D. Distal QVIT index (male: 2.61; female: 2.94 mm/m2)
E. MAMC index (male: 7.5; female: 8.6 cm/m2)
F. MAMA index (male: 13.3; female: 14.9 cm2/m2)
MAMC, Mid-arm muscle circumference; MAMA, Mid-arm muscle area; QRFT, quadriceps rectus femoris; 
QVIT, quadriceps vastus intermedius thickness.

Figure 4A-F. Kaplan-Meier survival curve according to reduced muscle dimensions as assessed by ultra-
sound and anthropometry using p50 as the reference value.
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Figure 4A-F. Kaplan-Meier survival curve according to reduced muscle dimensions as 

assessed by ultrasound and anthropometry using p50 as the reference value. 

Legend. 

A. Proximal QRFT index (male: 5.81; female: 5.77 mm/m2) 

B. Proximal QVIT index (male: 4.57; female: 4.80 mm/m2) 

C. Distal QRFT index (male: 3.89; female: 4.02 mm/m2) 

D. Distal QVIT index (male: 3.44; female: 3.50 mm/m2) 

E. MAMC index (male: 8.3; female: 9.3 cm/m2) 

F. MAMA index (male: 16.0; female: 17.2 cm2/m2) 

MAMC, Mid-arm muscle circumference; MAMA, Mid-arm muscle area; QRFT, quadriceps 

rectus femoris; QVIT, quadriceps vastus intermedius thickness. 

 

After this, we used Cox proportional-hazards regression analysis to assess the predictive 

performance of muscle dimensions towards mortality using p10, p25 and p50 values (Table 

4). All US parameters were statistically significant at crude analysis, whilst in the fully 

adjusted model distal QVIT index was an independent predictor of mortality using the p10, 

p25 and p50 values, and distal QRFT index was still statistically significant only using the 

Legend.
A. Proximal QRFT index (male: 5.81; female: 5.77 mm/m2)
B. Proximal QVIT index (male: 4.57; female: 4.80 mm/m2)
C. Distal QRFT index (male: 3.89; female: 4.02 mm/m2)
D. Distal QVIT index (male: 3.44; female: 3.50 mm/m2)
E. MAMC index (male: 8.3; female: 9.3 cm/m2)
F. MAMA index (male: 16.0; female: 17.2 cm2/m2)
MAMC, Mid-arm muscle circumference; MAMA, Mid-arm muscle area; QRFT, quadriceps rectus femoris; 
QVIT, quadriceps vastus intermedius thickness.

After this, we used Cox proportional-hazards regression analysis to assess the predictive 
performance of muscle dimensions towards mortality using p10, p25 and p50 values (Table 4).  
All US parameters were statistically significant at crude analysis, whilst in the fully adjusted 
model distal QVIT index was an independent predictor of mortality using the p10, p25 and p50 
values, and distal QRFT index was still statistically significant only using the p10 and p50 value. 
As for anthropometric variables, both p25 and p50 values of MAMC index were statistically 
significant in the fully adjusted model, but not at crude analysis.
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103Muscle ultrasound is associated with mortality in hemodialysis

DISCUSSION
In the present study we report that low indexed quadriceps muscle thickness values, as 
assessed by US, were independently associated with mortality in patients with ESKD on 
maintenance HD. In addition, we compared the predictive value of different cut-off values of 
muscle dimensions obtained by US and anthropometry with respect to mortality.

To our knowledge, this is the first time that muscle US was correlated with mortality risk in 
ESKD patients on chronic HD, and the first time that US and anthropometry were compared 
regarding outcome prediction. The predictive of muscle dimensions on outcomes in HD 
patients has been explored previously in this population, showing that reduced muscle mass 
as assessed by body composition or surrogate methods increase the risk of worse outcomes 
(15-20). In fact, muscle wasting is very common in patients with ESKD on HD (11,21,22), as it 
is a consequence of metabolic acidosis, chronic inflammation, and anorexia related to the 
kidney disease per se, as well as of renal replacement therapy and comorbidities associated 
with increased protein catabolism and reduced protein anabolism (1). Despite its recognized 
importance, the assessment of muscle mass is challenging in renal patients. Current bedside 
methods (such as anthropometry and bioimpedance spectroscopy (BIS)) have important 
limitations, both intrinsic to the methods and caused by fluid balance derangements typical 
of this clinical setting (23).

Traditionally, MAMC has been widely used as a marker of muscle mass in clinical practice, and 
it has also been recommended by the International Society of Renal Nutrition and Metabolism 
(ISRNM) for establishing a diagnosis of protein-energy wasting (8). However, its diagnostic 
value in the context of sarcopenia and its predictive role towards hard outcomes in patients 
with CKD/ESKD still remain controversial. In a previous study, our group demonstrated a weak 
positive correlation between MAMC and quadriceps muscle US (11). Moreover, when comparing 
values of abdominal skeletal muscle mass as assessed by CT with those assessed by surrogate 
methods, MAMC showed only a moderate degree of correlation with the reference method 
(24). With respect to outcomes of patients with CKD on conservative treatment, MAMC with 
< 90% of adequacy to the p50 value based on age and gender was used to identify patients 
with low muscle mass, and when combined with hand-grip strength (HGS), it was associated 
with survival only in the non-adjusted analysis (25). In another study in ESKD patients on HD, 
MAMC as a continuous variable had no association with mortality (24). Conversely, in an earlier 
study where MAMC was identified as percentage of agreement and analyzed as a continuous 
variable, this parameter independently predicted mortality (26). In the present study, US 
muscle parameters, but not anthropometric surrogate measures of muscle mass, namely 
MAMC and MAMA, were different between deceased and alive patients. In addition, when we 
investigated the performance of US-derived and anthropometry-derived measures of muscle 
size in predicting mortality with ROC analysis, the AUC of all cut-off values (p10, p25 and p50), 
were significant for US measurements but not for the anthropometric parameters, although 
the association of indexed MAMC with outcomes was significant in adjusted Cox regression 
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104 CHAPTER 6

analysis. This suggests that US-derived muscle parameters, especially distal QVIT, might be 
more accurate in detecting low muscle mass compared with anthropometry.

The reliability of quadriceps muscle US has been reported in critically ill patients with acute 
kidney injury (AKI), with excellent intraclass correlation coefficient (ICC) for inter- and intra-
operator comparisons (10). In the same clinical setting, the methods used in the present study 
have been recently validated against CT (27). In addition, available data suggest that US is 
scarcely affected by fluid overload and rapid fluid shifts, such as those typical of ESKD patients 
on HD and patients with AKI on KRT (10,11). Quadriceps muscle US has also been used in 
patients with CKD on conservative treatment for the assessment and validation of muscle 
cross-sectional area (CSA) (28). More recently, quadriceps CSA cut-offs have been derived 
using receiver-operation characteristic (ROC) curves based on the presence or absence of 
protein energy wasting (PEW) in a Malaysian population (29). The present study confirms data 
reporting an association between low quadriceps muscle mass and mortality in patients on 
hemodialysis (30), but it is the first time that US has been used to investigate such association 
in this clinical setting. In fact, it has been shown that lower thigh muscle CSA as assessed 
by CT was significantly associated with all-cause and cardiovascular mortality in elderly 
patients on HD (30), suggesting that assessment of muscle mass of lower extremities could 
be particularly valuable in predicting clinical outcomes of patients on chronic HD because of 
its strong association with functional outcomes (31).

Because of its low discriminative value, not unexpectedly, quadriceps muscle ultrasound 
cannot be used as sole prognostic tool to make clinical decisions at individual level in 
dialysis patients, as for every other nutritional marker. Nutritional status evaluation is a 
comprehensive assessment that includes not only body composition, but also other clinical, 
social and functional parameters. On this ground, we suggest that quadriceps muscle US could 
add important information to multidimensional predictive models in HD patients.

Our study has some limitations. Firstly, the different cut-offs studied may not be representative 
of the entire ESKD population, as this multicenter study was performed in a specific population. 
Secondly, US and anthropometric assessments were performed by 3 different operators, which 
could lead to examiner-related variability. In order to limit such problem, all operators received 
proper training before initiation of the study. In addition, we showed in one previous paper 
that, operators that receive training in the same protocol of muscle US have excellent intra-
rater correlation coefficient (ICC) (10). Based on that background, we are confident that large 
inter-or intra-observer variability could not be an issue in this study, such that it would change 
the results. Thirdly, we did not evaluate hospital readmission, what would have provided 
interesting additional information. However, given the number of subjects enrolled and the 
prospective design of our study, we preferred to study the effect of muscle wasting assessed 
by US or anthropometry on the most relevant among hard outcomes, namely all-cause 
mortality. Finally, as we did not enroll a control group of healthy subjects, the different cut-
off points were chosen arbitrarily based on specific values in the study population. Therefore, 

Thesis Alice - V2.indd   104Thesis Alice - V2.indd   104 08-11-21   12:2108-11-21   12:21
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further investigations are warranted to identify threshold values to evaluate and define low 
quadriceps muscle thickness in ESKD patients on HD. Nonetheless, it should be noticed that 
this is the first time that the association of quadriceps muscle thickness with mortality was 
investigated among ESKD patients and compared to anthropometry. It is also the first time 
that a bedside imaging method, that has already been shown to be precise and accurate, is 
used to study such association. Since muscle mass is the target compartment to evaluate 
nutritional abnormalities in patients prone to develop chronic catabolic disorders, such as 
ESKD, our study is aligned with the need of investigations focusing on precise methods that 
can be used at the bedside.

In conclusion, low values of quadriceps muscle thickness as assessed by US and normalized 
by height were able to independently predict mortality in a cohort of patients on maintenance 
HD, and outperformed conventional anthropometry.
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CHAPTER 7

Sarcopenia diagnosed by 
quadriceps muscle thickness 
assessed by ultrasound and hand-
grip strength predicts mortality 
in patients on hemodialysis and 
outperforms bioimpedance 
spectroscopy

Sabatino A, Kooman J, Avesani CM, Gregorini MC, Bianchi S, Regolisti G, Fiaccadori E
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ABSTRACT
Background and aims: Estimation of muscle mass is a pivotal component in the diagnosis 
of protein-energy wasting and sarcopenia - both associated with increased mortality rates in 
patients on hemodialysis (HD). While bioimpedance spectroscopy (BIS) is well-known for the 
assessment of lean tissue for the diagnosis of sarcopenia, ultrasound (US) is not yet formally 
accepted. The aim of this study is to compare the predictive value for outcome between the 
indexed thickness of the distal quadriceps vastus intermedius (QVIT) measured by US with 
that from the lean tissue index (LTI) measured by BIS, combined with handgrip strength (HGS).

Methods: The cutoff values for low HGS were <27kg for males and <16kg for females, for low LTI 
the cut off was obtained from an age-matched healthy control group with LTI < 10th percentile, 
and for the low QVIT, the cutoff was < 3.44 mm/m2 for males and <3.52mm/m2 for females.

Results: In this secondary analysis of a multicenter study, US and BIS were performed in 99 
patients, and HGS in 64 patients, on chronic HD. The correlation between LTI and QVIT was 
moderate (r=0.37; p<0.001). After a median follow-up period of 28 months (interquartile range 
19-41 months), 38 patients died. When assessing the association with mortality, the crude 
analysis showed that low LTI had no association with mortality (HR 1.16 [95% CI 0.60-2.25], while 
low QVIT (HR 2.18 [95% CI 1.12-4.27]) and low HGS (HR 9.08 [95% confidence interval (CI) 2.12-
38.8]) showed to increase the mortality risk. In the fully adjusted model (adjusted for age, serum 
albumin, COPD, heart failure, cerebro-cardiovascular diseases), only the combination of low HGS 
and low QVIT was significantly associated to higher mortality risk [HR 3.21 [95% CI 1.37-7.53].

Conclusion: In the present study, quadriceps muscle US outperformed BIS in predicting 
mortality risk. US may be a useful technique in the assessment of sarcopenia and PEW in 
patients on HD. The combination of low HGS and QVIT index is an independent predictor of 
outcome in this patient group.
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INTRODUCTION
Protein energy wasting (PEW) is common in patients with advanced chronic kidney disease 
(CKD) with an increasing prevalence in more advanced stages (1). For the diagnosis of PEW, 
one of the criteria is low muscle mass (2). Moreover, sarcopenia, another prevalent nutritional 
disturbance observed in CKD patients (3), also uses the criteria of low muscle mass, in addition 
to low muscle strength, for the diagnosis of sarcopenia (4). Both PEW as well as sarcopenia 
are related to frailty, reduced health-related quality of life and an increased risk of mortality 
in patients with advanced CKD (3, 5-7).

For the estimation of muscle mass, various methods are available. As muscle mass is a 
key component of lean body mass (LBM) and fat free mass (FFM) (8), techniques such as 
bioelectrical impedance analysis (BIA) and dual energy X-ray absorptiometry (DEXA) are 
frequently used for the assessment of low muscle mass. FFM and LBM by single-frequency 
BIA are conventionally estimated from population-derived prediction equations including 
reactance and/or resistance (9), or, in case of bioimpedance spectroscopy (BIS), by the 
estimation of extracellular and intracellular volumes (10). While DEXA measures appendicular 
LBM, that mostly represents the appendicular skeletal muscle. However, both BIA/BIS and 
DEXA can be influenced by fluid overload in patients with advanced CKD, that because the 
excess extracellular water (ECW) - normally observed in this patient group, is included in the 
predictive equations of FFM and LBM (11, 12). However, with the 3 compartment BIS model, 
the excess ECW is expressed as a separate compartment from LBM, called overhydration, 
next to the adipose tissue mass and lean tissue mass, thus correcting for fluid overload (13). 
When considering the assessment of a specific muscle or of muscular group, only computed 
tomography (CT) or magnetic resonance imaging (MRI), or yet US can be used. While CT and 
MRI are not portable, used equipment requiring high-cost maintenance and skillful personal, 
in addition to expose to radiation (in case of CT), US is portable, can be readily performed at 
bedside or in an ambulatory setting and requires much easier training skills (14, 15). US of the 
quadriceps femoris also is not affected by fluid overload (16), and showed a good correlation 
with CT in patients with acute kidney injury (17). Moreover, it allows direct visualization of 
muscle size exempting the use of predictive equations. Although muscle ultrasound was not 
endorsed by the revised EWGSOP2 to assess muscle mass (4), its potential due to the easy-
of-measurement for muscle size justifies the assessment of the performance of muscle US 
compared with other surrogates to predict mortality in patients on HD.

Considering the above said, the aims of the present study are firstly to compare quadriceps 
muscle thickness by US and lean tissue index (LTI) assessed by BIS for the prediction of 
mortality of patients on HD; secondly we also aim to evaluate to which extent sarcopenia, 
diagnosed by respectively US or BIS in combination with HGS, is related to mortality. Lastly, 
the correlation between quadriceps muscle thickness assessed by US and LTI evaluated by 
BIS was also studied.

7
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PATIENTS & METHODS

STUDY DESIGN AND PATIENTS
This is a secondary analysis involving 99 MHD patients from 3 dialysis centers from northern 
and central Italy (1 in Reggio Emilia and 2 in Livorno), that participated in an ongoing 
observational, longitudinal and prospective study of 181 MHD patients from 6 Italian dialysis 
centers (3 in Parma, 1 in Reggio Emilia and 2 in Livorno) and that had undergone BIS evaluation 
at the time of the US assessment (18). The study was approved by the local Institutional 
Review Board (ref. n° 45737, December 12th, 2015). The procedures were in agreement with 
the Declaration of Helsinki, and written informed consent was obtained from all participants. 
Patients were evaluated between January 2016 and March 2018 and followed for mortality 
events for a median of 28 months (interquartile range [IQR] 19-36 months). The main objective 
of this cohort was to assess the correlation between muscle mass by ultrasound and other 
nutritional parameters (18). Only adult patients (≥ 18 years of age) on dialysis for at least 6 
months were enrolled. Exclusion criteria were the presence of malignancy or conditions with 
mandatory immobilization.

ULTRASOUND TECHNIQUE
Quadriceps vastus intermedius thickness (QVIT) were measured by three experienced 
assessors (one for all centers in Parma and Reggio Emilia, 1 for each center from Livorno) using 
B-mode ultrasonography, wall tracking ultrasound system (Philips hd7xe, Logiq and General 
electric) and 7.5 MHz linear array transducers. The technique used was already described in 
detail elsewhere (16, 18). In short, measurements were performed in both legs with the patient 
lying in a supine position with both knees extended but relaxed and toes pointing to the 
ceiling, during the HD session. Quadriceps vastus intermedius thickness (QVIT) was measured 
at the border between the lower third and upper two-thirds (QVIT Dist) between the anterior 
superior iliac spine (ASIS) and the upper pole of the patella (16, 19). The transducer was placed 
perpendicular to the long axis of the thigh with a large amount of gel and with no pressure to 
avoid compression of the muscle. The vertical diameter of the muscles was measured at the 
widest point, on the inner edge of the muscle fascia. Measurements were performed directly 
on the ultrasound machine while obtaining the images. The average of both legs was used for 
the analysis. For further analyses, measurements were normalized by height squared in meter. 
Based on data obtained from analysis performed in the whole cohort of 181 patients enrolled 
originally, low muscle mass by US was defined by QVIT Dist index < 3.52 mm/m2 for females 
and < 3.44 mm/m2 for males, as this cutoff (percentile 50th of the group) was associated with 
the highest accuracy for predicting mortality (Chapter 6).

BIOIMPEDANCE SPECTROSCOPY
Body composition was assessed using the Body Composition Monitor (BCM, Fresenius Medical 
Care). Because of logistic reasons, all patients were evaluated immediately before the midweek 
dialysis session. Electrodes were placed on the hand of the arm without the arteriovenous 
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fistula and on the same-side foot, and the device immediately and noninvasively measured 
whole body bioimpedance spectroscopy at 50 different frequencies between 5 kHz and 1 MHz. 
The measurements were performed after patients had rested in the supine position for at least 
5 min. The BCM distinguish 3 major body compartments: excess fluid mass (overhydration, 
free fluid), normally hydrated adipose tissue mass, and normally hydrated lean tissue mass 
(LTM). The lean tissue index (LTI) is the LTM normalized by height squared. The LTI was used as 
a surrogate of muscle mass. LTI values normalized by age and gender were used as the cut-off, 
patients with LTI less than 10% of the normal value were considered to have low muscle mass, 
and patients with LTI of 10% or greater were considered to have normal muscle mass (20-22).

MUSCLE STRENGTH
Muscle strength was assessed by hand-grip strength (HGS) with a portable digital dynamometer 
(KERN & SOHN GmbH, Germany) preferably at the dominant hand. After a period to let 
participants arrange the instrument comfortably in their hand, they were requested to squeeze 
with maximum strength and minimal wrist extension (30 degrees or less). Measurements were 
performed before the HD session, on the arm opposite to the arteriovenous fistula (FAV), two 
measurements were made, after a resting period of 15 seconds between tests, and the highest 
measurement was recorded. The cut-off values used were: 27 kg for men and 16 kg for women 
(4). HGS was available for 64 patients.

SARCOPENIA DIAGNOSIS
Patients were diagnosed as having sarcopenia when both conditions, low muscle strength 
and low muscle mass were below the reference values (4). For the assessment of low muscle 
mass, both LTI assessed by BIS and QVIT Dist Index assessed by US were used.

STATISTICAL ANALYSIS
Results are expressed as mean and standard deviation for continuous variables with normal 
distribution, or median and range for non-parametric data, and as frequencies for categorical 
variables. The correlation between quadriceps muscle thickness assessed by US and other 
nutritional variables (in particular, LTI and HGS) was investigated using Spearman correlation 
coefficient. Group differences were analyzed using Student t test and Mann-Whitney’s U test 
for normally distributed and non-normally distributed data, respectively, to assess differences 
between means of deceased and living patients. Kaplan-Meier survival curves were fitted to 
estimate the probability of mortality based on the presence of low HGS, low QVIT Dist index, low 
LTI, and sarcopenia diagnosed using low LTI and low QVIT Dist index. Cox-regression analysis 
was performed to study the risk of mortality in the presence of low HGS, low QVIT Dist index, 
low LTI, and sarcopenia diagnosed using both muscle parameters with mortality risk. We tested 
different multivariable Cox regression models with sequential adjustment for confounders 
identified by univariate analysis (age, albuminemia, chronic obstructive pulmonary disease, 
heart failure and the presence of cerebro-cardiovascular diseases). All analyses were 
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computed using IBM Statistical Package for Social Sciences version 27.0 (IBM SPSS Statistics 
Inc. Chicago IL. USA). Statistical significance was set at p < 0.05 for all tested parameters.

RESULTS

CLINICAL, DEMOGRAPHIC AND NUTRITIONAL CHARACTERISTICS OF 
ENROLLED PATIENTS
In this secondary analysis, 99 patients that had undergone a BIS evaluation at the time of 
US were considered, of whom 64 had information regarding HGS (Table 1). The majority of 
patients were male, and the mean age of this cohort was 66 ± 17 years. In general patients were 
polymorbid, with only 6 (6%) having no comorbidities and 19 (19%) patients having only one 
comorbidity. Nutritional characteristics of the cohort, total and divided by sex, are described 
in Table 2. In particular, the mean value of HGS for male patients was below the cutoffs for the 
diagnosis of sarcopenia (4).

Table 1. Demographic and clinical characteristics of patients on hemodilaysis enrolled in the study (n=99).

Variables Values

Age (years) 66 ± 17

Male sex (%) 69/99 (70)

Dialysis vintage (months) 4.8 (1.3 – 8.1)

Dialysis modality (%)
- HD
- HDF
- HFR

60/99 (61)
34/99 (34)
5/99 (5)

Biochemical values (Pre-dialysis)

BUN (mg/dl) 70 ± 20.7

sCr (mg/dl) 9.2 ± 2.6

Albumin (g/dl) 3.7 ± 0.4

CRP (mg/dl) 0.6 (0.2 – 1.1)

Chronic comorbidities (%)

- Hypertension
- Dyslipidemia
- Diabetes mellitus
- Heart failure
- Cardiovascular diseases
- Number of comorbidities per patient

71/99 (72)
60/99 (61)
32/99 (32)
14/99 (14)
46/99 (47)
2.6 ± 1.7

Mortality (%)
Duration of follow-up(median, interquartile range) (months)

38/99 (38)
28 (19 – 41)

BUN, blood urea nitrogen; COPD, Chronic obstructive pulmonary disease; CRP, C-reactive protein; HD, 
hemodialysis; HDF, hemodiafiltration; HFR, hemofiltration; sCr, serum creatinine. Data expressed as mean 
(standard deviation), except when otherwise specified. Data expressed as mean ± standard deviation; 
median (interquartile range); or frequencies
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Table 2. Nutritional characteristic of patients on hemodialysis enrolled in the study.

Variables Total (n=99) Male (n=69) Female (n=30)

Body weight (kg) 68.5 ± 12.5 70.9 ± 11.6 62.9 ± 12.8

Height (m) 1.66 ± 0.09 1.70 ± 0.06 1.57 ± 0.06

BMI (kg/m2) 24.8 ± 4.6 24.5 ± 4.2 25.4 ± 5.4

Hand-grip strength (kg)* 22.4 ± 8.6 24.7 ± 8.0 16 ± 7.1

Bioimpedance Spectroscopy

- Body cell mass (Kg)
- Lean tissue index (kg/m2)
- Adipose tissue mass (Kg)
- Fatty tissue index (kg/m2)

17.9 ± 6
12.5 ± 3.3
32.1 ± 14.4
11.5 ± 5.2

18.4 ± 6.5
12.1 ± 3.3
33.5 ± 14.8
11.6 ± 5.2

16.9 ± 4.4
13.2 ± 3.3
28.7 ± 13.2
11.5 ± 5.4

Muscle Ultrasound (average values between both legs)(mm)

- VI Dist (mm) 10.0 ± 3.7 10.6 ± 4.0 8.6 ± 2.6

- VI Dist index (mm/m2) 3.6 ± 1.3 3.7 ± 1.4 3.5 ± 1.0

Sarcopenia and sarcopenia parameters

LTI < 10th 40/99 (40) 36/69 (52) 4/30 (13)

Low VI Dist index 52/99 (52) 36/69 (52) 16/30 (53)

Low HGS* 39/64 (61) 31/47 (66) 8/17 (47)

Sarcopenia by LTI and HGS** 34/93 (34) 31/64 (48) 3/29 (10)

Sarcopenia by VI Dist index and HGS*** 23/78 (30) 19/55 (53) 4/23 (17)

 * Available for 64 patients (17 females and 47 males). ** Available for 93 patients, patients with low LTI 
but no information on HGS were excluded (n = 7). *** Available for 78 patients, patients with low VI Dist 
index but no information on HGS were excluded (n= 21). BMI, body mass index; LTI, lean tissue index; RF, 
rectus femoris; VI, vastus intermedius. Data expressed as mean ± standard deviation.

CORRELATION BETWEEN QUADRICEPS MUSCLE THICKNESS AND 
NUTRITIONAL VARIABLES
Table 3 reports the results on the correlation between QVIT Dist and QVIT Dist index assessed 
by US and LTI, as well as muscle strength by HGS. In particular, HGS correlated moderately 
with QVIT Dist. The correlation lost strength, but was still significant when comparing to QVIT 
Dist index. LTI had a low to moderate correlation with HGS and QVIT Dist, and the results were 
similar for the indexed muscle thickness.

Table 3. Correlation coefficients between muscle ultrasound and nutritional variables of patients on 
hemodilaysis (n=99).

VI Dist P VI Dist index P LTI P

HGS* 0.51 < 0.001 0.39 0.001 0.31 0.014

LTI 0.37 < 0.001 0.39 < 0.001 - -

HGS, Hand-grip strength; LTI, lean tissue index; VI, vastus intermedius.
*Available for 64 patients.
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COMPARISON BETWEEN DECEASED AND LIVING PATIENTS
Patients were stratified based on survival status (Table 4). The mortality prevalence was 38.4% 
(38/99). Eighty-four percent of deceased patients were male, and when compared to living 
patients, the former group was significantly older, had lower HGS and lower quadriceps muscle 
thickness index. The LTI, which is a surrogate of muscle mass, did not differ between groups. 
Among the deceased patients, the prevalence of sarcopenia by LTI was lower than that by 
QVIT Dist index (30% versus 52%). In addition, when muscle US was used to identify patients 
with sarcopenia, its prevalence among deceased patients was higher in comparison to living 
patients (P = 0.002), while no difference between both groups was observed when LTI was used.

Table 4. Main characteristic of patients on hemodialysis stratified by survival status (n=99).

Deceased
(n = 38)

Alive
(n = 61) P-value

Male sex (%) 32/38 (84) 37/61 (61) 0.013

Age (years) 74.1 ± 13.6 61.6 ± 17.1 < 0.001

BMI (Kg/m2) 24.6 ± 3.9 25.0 ± 5.0 0.680

CRP (mg/dl) 0.8 (0.3; 16.5) 0.3 (0.2; 7.0) 0.496

Albumin (g/dl) 3.6 ± 0.3 3.8 ± 0.4 0.007

HGS (Kg)* 18.9 ± 7.2 24.3 ± 8.8 0.015

Comorbidities and outcome

- Hypertension
- Dyslipidemia
- Diabetes
- COPD
- Heart failure
- Cerebro-cardiovascular diseases

28/38 (74)
23/38 (61)
16/38 (42)
6/38 (16)
10/38 (26)
28/38 (74)

43/61 (70)
37/61 (61)
16/61 (26)
2/61 (3)
4/61 (6)
18/61 (30)

0.732
0.990
0.100
0.026
0.006
< 0.001

Bioimpedance Spectroscopy

- Body cell mass (Kg)
- Lean tissue index (kg/m2)
- Fat tissue index (kg/m2)

17.3 ± 5.9
12.0 ± 3.2
11.9 ± 4.5

18.3 ± 6.0
12.7 ± 3.3
11.3 ± 5.7

0.433
0.288
0.570

Muscle Ultrasound (average values between both legs)(cm)

- VI Prox index
- VI Dist index

4.2 ± 1.3
3.2 ± 1.0

5.3 ± 2.1
3.9 ± 1.4

0.006
0.007

Sarcopenia and sarcopenia parameters

LTI < 10th percentile 15/38 (39) 25/61 (41) 0.882

Low VI Dist index 25/38 (66) 27/61 (44) 0.037

Low HGS* 21/23 (91) 18/41 (44) < 0.001

Sarcopenia by LTI and HGS** 10/33 (30) 24/60 (40) 0.353

Sarcopenia by VI Dist index and HGS*** 14/27 (52) 9/51 (18) 0.002

*Available for 64 patients. ** Available for 93 patients, patients with low LTI but no information on HGS 
were excluded (n = 7). *** Available for 78 patients, patients with low VI Dist index but no information on 
HGS were excluded (n= 21). Data expressed as mean (standard deviation). HGS, hand-grip strength; LTI, 
lean tissue index; RF, rectus femoris; VI, vastus intermedius.
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In order to assess the probability of outcome in the presence of low muscle strength and 
low muscle mass, we fitted Kaplan-Meier survival curves using the sarcopenia parameters 
individually (Figure 1A-C) and combined (Figure 2A and B). When parameters were analyzed 
individually, only HGS and QVIT Dist index were related to the cumulative survival (Figure 
1A-C). When evaluating the correlation between sarcopenia and survival, only sarcopenia 
assessed by QVIT Dist index and HGS was associated with the cumulative survival (Figure 2A-B). 
We performed Cox-regression analysis to assess the effect of such parameters on mortality 
risk (Table 5). When muscle strength and muscle mass were analyzed individually, only low 
HGS and low QVIT Dist index increased mortality risk. This association lost significance in the 
full adjusted analysis. On the other hand, when sarcopenia was diagnosed by QVIT Dist index 
and HGS, the increased mortality risk remained significant also in the full adjusted analysis.

Figure 1A-C. Kaplan-Meier survival curves of patients with end-stage kidney disease on hemodialysis 
divided by individual sarcopenia parameters: muscle strength assessed by handgrip (A), muscle mass 
assessed by QVIT Dist index (B) and lean tissue index (C)
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analyzed individually, only low HGS and low QVIT Dist index increased mortality risk. This 
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Figure 1A-C. Kaplan-Meier survival curves of patients with end-stage kidney disease on 

hemodialysis divided by individual sarcopenia parameters: muscle strength assessed by 

handgrip (A), muscle mass assessed by QVIT Dist index (B) and lean tissue index (C) 

Legend. (A) Handgrip strength was assessed in 64 patients; (B) QVIT Dist index was 

assessed in 99 patients; (C) Lean tissue index was assessed in 99 patients. 

Legend. (A) Handgrip strength was assessed in 64 patients; (B) QVIT Dist index was assessed in 99 
patients; (C) Lean tissue index was assessed in 99 patients.
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Figure 2A-B. Kaplan-Meier survival curves of patients with end-stage kidney disease on hemodialysis 
divided by sarcopenic status using low QVIT Dist index (A) and low LTI (B) to assess low muscle mass.
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Figure 2A-B. Kaplan-Meier survival curves of patients with end-stage kidney disease on 

hemodialysis divided by sarcopenic status using low QVIT Dist index (A) and low LTI (B) to 

assess low muscle mass. 

Legend. For both A and B, sarcopenia was diagnosed when muscle mass and muscle strength 

were below reference values. Because handgrip strength was available for 64 patients. In the 

first figure (A) 78 patients were included, while 21 patients were excluded because presented 

low muscle mass by US but no information regarding muscle strength was present. In the 

second figure (B), 93 patients were included and 7 patients were excluded because presented 

low muscle mass by LTI but no information regarding muscle strength was available. 

Legend. For both A and B, sarcopenia was diagnosed when muscle mass and muscle strength were 
below reference values. Because handgrip strength was available for 64 patients. In the first figure (A) 
78 patients were included, while 21 patients were excluded because presented low muscle mass by US 
but no information regarding muscle strength was present. In the second figure (B), 93 patients were 
included and 7 patients were excluded because presented low muscle mass by LTI but no information 
regarding muscle strength was available.

Table 5. Cox-regression analysis for the association of all-cause mortality with muscle parameters 
evaluated individually (HGS, QVIT Dist index and LTI) or combined (sarcopenia diagnosed by low LTI + 
HGS or low QVIT Dist index + HGS) in patients on hemodialysis (n = 64 for HGS; n = 99 for QVIT Dist index 
and LTI; n = 78 for sarcopenia by US and HGS; and n = 93 for sarcopenia by LTI and HGS).

All-cause mortality

HR (95% Confidence Interval, P)

Model Variables Low LTI Low HGS Low VI Dist 
index

Sarcopenia 
by low VI 
Dist Index 
and HGS

Sarcopenia 
by low LTI 
and HGS

1 Non adjusted 1.16 (0.60 – 
2.25, 0.651)

9.08 (2.12 – 
38.8, 0.003)

2.18 (1.12 – 
4.27, 0.023)

4.46 (2.08 – 
9.56, < 0.001)

0.90 (0.43 – 
1.90, 0.784)

2 1 + Age+ albumin 1.62 (0.81 – 
3.23, 0.171)

5.25 (1.07 – 
25.81, 0.041)

1.60 (0.79 – 
3.23, 0.191)

2.87 (1.25 – 
6.57, 0.013)

1.38 (0.62 – 
3.04, 0.429)

3 Full adjusted* 1.76 (0.87 – 
3.59, 0.118)

3.55 (0.69 – 
18.28, 0.130)

1.76 (0.86 – 
3.58, 0.122)

3.21 (1.37 – 
7.53, 0.007

1.49 (0.65 – 
3.41, 0.347)

*Adjusted for age, serum albumin, COPD, heart failure, cerebro-cardiovascular diseases. HGS, hand-grip 
strength; LTI, lean tissue index; VI, vastus intermedius; US, ultrasound.

DISCUSSION
In the present study, we found that a low QVIT Dist index, measured by US, was significantly 
related to mortality in unadjusted analysis whereas low LTI, measured by BIS, was not. The 
combination of low HGS and low QVIT Dist index, as a potential marker for sarcopenia, was also 
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related to outcome in unadjusted and full adjusted analysis, in contrast to the combination 
of low LTI and HGS. The results of our study are in disagreement with various other larger 
studies, who found a low LTI to be a predictor of adverse outcome (13, 23-25). However, in 
another study, low LTI was not significantly related to mortality as a single risk factor, but 
enhanced the risk of adverse outcomes associated with other predictors of outcome, such as 
inflammation or fluid overload (26).

There is a conceptual difference between US, which measures muscular dimensions, albeit 
at a regional level, and BIS, which estimates LTI based on various theoretical assumptions in 
addition to using prediction equations not always validated to dialyzed patients, resulting in 
moderate, but significant correlations between LTI and QVIT Dist index. Still, fluid overload 
assessed by BIS is consistently related to outcome (25), whereas at a population level, a 
consistent decline in LTI were observed following the start of HD (27).

The reason that LTI in this study was not independently related to outcome, in contrast to 
most, but not all (26) studies is unclear. Firstly, the sample size of our study was relatively small 
whereas the percentage of females with low LTI levels was low. Secondly, previous studies 
showed that low LTI was especially related to increased mortality in combination with other 
risk factors, such as inflammation, fluid overload, or a reduced fat mass (24, 26). In addition, 
our measurements of BIS were performed before the dialysis session, which may increase the 
influence of fluid overload over the LTI (28). Although due to its relatively low power our study 
cannot negate a potential relation between LTI and outcome, the predictive value of low QVIT 
Dist index by muscle ultrasound was consistent. This suggests that US of the quadriceps muscle, 
might be a more powerful tool in predicting outcome, also in combination with a low HGS.

Muscle US is relatively easy to learn, fast to perform and can also be measured by a portable 
device at the bedside of patients. In this regard, it’s reliability (intra-operator and inter-
operator) and validity (against CT) have been reported in critically ill patients with AKI (16, 17). 
In addition, previous studies showed that, conversely to 2 compartment BIA/BIS models (11, 
12), muscle US was not influenced by hydration status when measurements were performed 
before and after the dialysis session (16, 18). A recent study showed that ultrasound of the 
quadriceps muscle had a larger accuracy in predicting PEW in patients on HD as compared 
to BIS (14), but both techniques have not been directly compared in their predictive value for 
mortality in this population. A drawback of the method so far has been the absence of cut-
off values. However, in our most recent study, we used the percentile distribution of indexed 
quadriceps muscle thickness of 181 patients in HD divided by sex to derive possible reference 
values based on their accuracy in predicting mortality using ROC analysis (data under review). 
In that study, not only QVIT Dist index at the 50th percentiles of the patient population had 
the highest accuracy in predicting mortality in the ROC analysis, but also, it had the highest 
mortality risk in the full-adjusted Cox-regression analysis (HR 2.16, 1.27 – 3.69, P = 0.005) in 
comparison to anthropometry and other US parameters.
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The evaluation of muscle strength is essential for the diagnosis of sarcopenia (4). The screening 
of patients for low muscle strength, has an important advantage in comparison to evaluating 
muscle mass, since it can be easily assessed in hospitals, outpatient settings, and community 
centers, by using a portable handheld dynamometer to measure grip strength. In addition, 
studies in the elderly have shown that low muscle strength is better than low muscle mass in 
predicting worse outcomes (29). Moreover, the rate of decrease in muscle strength is faster 
than the rate of muscle loss, and that both are independent from the loss or gain of body 
weight (30). It has been suggested that CKD patients manifest a phenotype of accelerated 
aging (31), so the same relationship could be expected in patients with CKD/ESKD. In the 
present study, HGS had a positive correlation with QVIT Dist and LTI. This is in agreement with 
earlier studies investigating the correlation between body composition and values of physical 
function in hemodialysis patients (32, 33). A positive correlation between muscle strength 
and muscle mass was expected because the former is partly dependent on lean tissue (11). In 
addition, we found that HGS was a stronger predictor of mortality than muscle mass assessed 
both by BIS and US. That finding is in agreement with other longitudinal studies with ESKD 
patients on HD (5, 34, 35). However, only when a quantitative assessment of muscle mass was 
performed and sarcopenia was diagnosed, this relationship remained significant also in the full 
adjusted analysis. Suggesting that both parameters complete each other and are necessary 
for an individualized nutritional and physical intervention.

Our study has some important limitations that should be addressed. Firstly, it is a secondary 
analysis of a bigger study, which results in lower power to evaluate hard end-points such 
as mortality. Secondly, a validation of the reference values applied for muscle US should 
be performed in different populations, as they were derived from a specific group of ESKD 
patients on chronic hemodialysis. Thirdly, for logistic reasons, BIS was performed before 
the HD session, which might have influenced LTI values. Lastly, HGS was not available for 
all patients, leading to patients with reduced muscle mass but unavailable muscle strength, 
being removed from the analysis because it was not possible to determine the presence or 
absence of sarcopenia. However, this is the first time that the mortality predictability of 
muscle ultrasound has been compared to BIS, a well-established parameter used to assess 
muscle status in ESKD patients on chronic HD. In addition, our study has important potential 
implications for the clinical practice, adding a portable imaging tool, therefore allowing for 
the measurement of regional muscle, to the diagnosis of sarcopenia.

In conclusion, in the present study, quadriceps muscle US outperformed BIS in mortality 
prediction. Quadriceps muscle US may be a useful technique in the assessment of sarcopenia 
and PEW in patients on HD. The combination of low HGS and low QVIT Dist index is an 
independent predictor of mortality in this population.
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The aim of this thesis was to study the applicability, validity and prognostic capacity of 
quadriceps muscle ultrasound (US) in patients with acute kidney injury (AKI) and patients on 
chronic hemodialysis (HD) treatment, in order to develop and promote a new bedside tool to 
be used for the nutritional assessment of patients in these clinical contexts. To this purpose, 
we developed a protocol that studied all important steps involved in this process. Firstly, we 
studied the inter and intra-rater reliability of the US methodology to assess its reproducibility 
between assessors and within the same assessor. In addition, we investigated whether kidney 
replacement therapy (KRT) and fluid overload influenced measurements. Secondly, the 
methodology was validated against computed tomography (CT), a gold standard technique, to 
test the accuracy and precision of muscle US. Thirdly, the applicability and relevance of muscle 
US was studied in different situations. In patients on chronic hemodialysis (HD) quadriceps 
muscle of patients was compared with controls and also between malnourished and well-
nourished patients to assess whether muscle US was a sensitive tool to detect low muscle 
mass. We also investigated its correlation with other nutritional parameters. In addition, by 
applying it in critically ill patients with acute kidney injury (AKI) twice during hospital stay, we 
studied whether muscle US was sensitive enough to detect muscle loss in short periods of time. 
Finally, its prognostic capacity regarding mortality risk was also investigated in two studies 
and compared it with other tools for the assessment of body composition, anthropometrics 
and bioimpedance spectroscopy (BIS).

Reliability of bedside ultrasound for measurement of quadriceps muscle thickness in 
critically ill patients with acute kidney injury (Chapter 2)
In the first study of this thesis we aimed to test inter- and intrarater reliability of the ultrasound 
technique to assess quadriceps muscle thickness, in particular rectus femoris (RF) and vastus 
intermedius (VI), in critically ill patients with AKI using the intraclass correlation coefficient 
(ICC). Before our publication, only one other study calculated the ICC to evaluate the reliability 
of quadriceps muscle thickness assessed by the same US methodology; however, only healthy 
subjects were considered and fewer measurements were performed (1). Our data confirms 
the excellent reliability of previous data in a much more complex population.

Because of the amount of measurements obtained for each investigator, we found that the 
mean difference between investigators was statistically significant; however, this difference 
was approximately 0.4 mm, which is not clinically relevant. In addition, the ICC obtained in the 
interrater reliability analysis was high (0.92), demonstrating that this is a reliable technique to 
be applied by different operators that received the same training. Furthermore, there was no 
significant difference within each investigators’ measurements. Possible small imprecisions 
caused by different operators assessing quadriceps muscle thickness could be easily overcome 
in the clinical practice by standardizing a protocol in which the same person is responsible for 
successive measures in the same patient.

The use of ultrasound to assess muscle mass and quality is increasing and have been validated 
in different populations (1-6). To our knowledge, we were the first to assess the reliability of this 
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methodology in critically ill patients with AKI and to assess whether measurements of RF and VI 
thickness obtained by ultrasound are consistent before and after dialysis. We were also able to 
demonstrate that important fluid shifts caused by dialysis do not interfere with US measurements.

Validation by CT scan of quadriceps muscle thickness measurement by ultrasound in 
acute kidney injury (Chapter 3)
This section of the thesis shows how US compares to CT scan for the evaluation of RF and VI 
thickness in critically ill patients with AKI. US bias was found to be negligible, and its precision 
was close to that of CT scan. Our data is in accordance to other studies that used CT for the 
validation of US for the assessment of muscle dimensions in different clinical settings (3, 4). 
Similarly, studies comparing muscle mass assessed by US with MRI, another gold standard 
technique, found no difference between both methods, with very high correlation coefficients 
and agreement in different populations (7-9). More recently, quadriceps muscle US has been 
validated against CT also in patients with chronic kidney disease (CKD) (10). To our knowledge, 
this is the first study that evaluated the validity of RF and VI thickness assessed by US in a 
cohort of critically ill patients with AKI. Earlier studies on critically ill patients compared US 
with muscle biopsy (11) and muscle strength (6). In both studies, muscle ultrasound was able 
to detect muscle loss (11), and to predict muscle strength and function at discharge (6).

Noninvasive evaluation of muscle mass by ultrasonography of quadriceps femoris muscle 
in End-Stage Renal Disease patients on hemodialysis (Chapter 4)
In the third part of this thesis (chapter 4) US was applied in ESKD patients on chronic HD 
during the dialysis session without any disturbances from fluid overload and rapid fluid 
shifts, confirming evidence from the reliability study (12). The main finding of this study is 
that patients on chronic HD have lower quadriceps muscle thickness in comparison to healthy 
controls. This finding is in accordance to recent data that investigated quadriceps muscle of 
patients on HD using MRI (13). By stratifying patients using different indexes of nutritional 
status, such as BMI and MIS, patients with worse nutritional status by those parameters had 
also lower quadriceps muscle thickness. In addition, low to moderate statistically significant 
correlations between muscle thickness measured by US and other nutritional variable (MIS, 
arm muscle area, albumin and BMI) was found, with the highest values being found for the 
MIS tool (r = -0.37 to -0.47, P < 0.001 for all sites of measurement). Considering that MIS is a 
composite of different nutritional variables, including albumin and BMI, the higher correlation 
with this index in comparison to the other indexes studied was not unexpected. This was the 
first time that quadriceps muscle US was applied in ESKD patients on chronic HD to assess 
their level of muscularity in comparison to controls and to confront this new tool to other 
frequently used and recognized nutritional indexes, providing important information toward 
the standardization of US as a reference bedside tool for the assessment of quadriceps muscle.

8
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Ultrasound for non-invasive assessment and monitoring of quadriceps muscle thickness 
in critically ill patients with Acute Kidney Injury (Chapter 5)
Since the combination of bedrest, AKI and critical illness are recognized catabolic factors, the 
sensitivity of quadriceps muscle US in detecting muscle loss in short periods of time was also 
tested. Interestingly, at baseline, patients admitted to the ICU had similar muscle thickness 
of healthy controls, however, after 5 days of hospitalization the amount of muscle thickness 
reduction was compatible to other available findings in which RF thickness and VI thickness 
after 5 days of ICU stay were reduced on average -16.6% and -18.8% respectively (6), and, in 
comparison to healthy controls, patients had lower muscle thickness.

We were also able to demonstrate, even considering the limits inherent to our small sample, 
that there is a direct relationship between the severity of muscle loss and prolonged hospital 
stay. In fact, in a similar clinical setting (surgical patients in the ICU), sarcopenia quantified 
by US of the RF was able to predict adverse outcomes (14). In addition, muscle loss during ICU 
stay is a major contributor to functional disability (15).

The assessment of muscle mass is still a challenge in the ICU setting. Biochemical parameters 
such as serum albumin, and currently used bedside tools that are successfully applied in 
the outpatient setting, such as anthropometry and bioelectrical impedance analysis (BIA) 
or spectroscopy (BIS), have important intrinsic limitations, due to inflammation and fluid 
imbalance that are typical of critically ill patients with AKI. In this regard, despite the current 
lack of reference values to identify low muscularity at hospital admission, quadriceps muscle 
US could become a useful tool to monitor muscle loss during hospitalization, and also to assess 
the success of physical rehabilitation.

Quadriceps muscle thickness assessed by ultrasound outperforms conventional 
anthropometry in the evaluation of mortality risk in hemodialysis patients (Chapter 6)
In chapter 6, RF and VI thickness indexed by height2, were independently associated with 
mortality in patients on chronic HD. Taking into account that there are no available reference 
values derived from healthy populations, the predictive value of different cutoffs obtained 
from our sample distribution (p10, p25, and p50) was investigated, and the results obtained 
by US were compared with anthropometric measurements routinely applied in the outpatient 
setting and also recommended by the International Society of Renal Nutrition and Metabolism 
(ISRNM) for the diagnosis of PEW, namely mid arm muscle circumference (MAMC) and mid-arm 
muscle area (MAMA).

Muscle loss is very common in ESKD patients on chronic HD (16-18), as it is a consequence of 
metabolic acidosis, chronic inflammation, and anorexia related to the kidney disease per se, 
as well as of renal replacement therapy and comorbidities associated with increased protein 
catabolism and reduced protein anabolism (19). Previous available literature investigating 
the role of low muscularity in mortality risk, show that low muscle mass as assessed by body 
composition or surrogate methods increase the risk of worse outcomes (20-26). However, just 
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like in the acute care setting, the bedside assessment of skeletal muscle is challenging, while 
gold standard techniques such as DEXA, CT and MRI are not feasible to be used on a routine 
basis to monitor only body composition. This was the first time that muscle US was studied 
in this context.

In comparison to MAMC and MAMA, US had better discriminative value, with significant AUC 
for all studied cut-off values but not for the anthropometric parameters. In the Cox regression 
analysis, indexed distal VI thickness was able to predict mortality in non-adjusted and adjusted 
models, while indexed MAMC was associated with mortality only in the fully adjusted analysis, 
suggesting that US-derived muscle parameters, especially distal QVIT, might be more accurate 
in detecting low muscle mass compared with anthropometry.

Sarcopenia diagnosed by quadriceps muscle thickness assessed by ultrasound and 
hand-grip strength predicts mortality in patients on hemodialysis and outperforms 
bioimpedance spectroscopy (Chapter 7)
Finally, the value of quadriceps muscle US in diagnosing sarcopenia was investigated in 
comparison to BIS. In chapter 7 sarcopenia was diagnosed by identifying patients with low 
muscle mass and low muscle strength. Muscle strength was measured by handgrip strength 
(HGS), while muscle mass was measured by two different methods, BIS and quadriceps muscle 
US. When applying BIS, the lean tissue index (LTI) was used as a surrogate of muscle mass 
and values below the 10th percentile of the normal value by age and gender were considered 
positive for low muscle mass. When using quadriceps muscle US, we applied the percentile 
50th of indexed distal VI thickness studied in the previous chapter to diagnose patients with 
low muscle mass, as this cutoff (percentile 50th of the group) was associated with the highest 
accuracy for predicting mortality.

The present chapter shows that low muscle mass by quadriceps muscle US was significantly 
related to mortality, while low LTI was not. In addition, sarcopenia diagnosed by HGS and 
US was independently correlated to outcome, while sarcopenia diagnosed by LTI and HGS 
was not. Our findings are a little controversial, since many larger studies found a low LTI 
to be a predictor of adverse outcome (27-30). That might be because of the relative small 
sample size of our study and also because of the low percentage of females with low LTI. In 
addition, previous studies confirmed that low LTI has a more powerful effect on mortality 
when combined with other risk factors, such as inflammation, fluid overload, or low fat mass 
(28, 31). Although due to its relatively low power our study cannot negate a potential relation 
between LTI and outcome, the predictive value of low indexed VI thickness by muscle US was 
consistent. This suggests that US of the quadriceps muscle, might be a more powerful tool in 
predicting outcome, also in combination with a low HGS.

The findings of this chapter reinforce the need to screen all patients on hemodialysis for 
muscle wasting and reduced function. Considering that low muscle strength worsens the risk 
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of mortality already high in the presence of muscle wasting, both features should be assessed 
in combination to allow for an individualized interventional approach.

STRENGTHS OF THIS THESIS
Taken all studies together, the present thesis has many strengths. Firstly, we structured our 
protocol in a logical order to allow for the development of quadriceps muscle US as a bedside 
tool for the assessment of muscle loss in the renal setting. To achieve that objective, we firstly 
studied the reliability of the method in different situations, and compared measurements 
performed by two different operators to study its reproducibility with great results. We were 
also able to validate this new methodology by comparing it to CT, a gold standard technique 
for the assessment of body composition. Thirdly, we performed a cross-sectional study to 
evaluate how US would compare to other nutritional tools and if it was able to identify patients 
with worse nutritional status. Following the cross-sectional study, a number of prospective 
studies were performed to assess US’s sensitivity to be used as a monitoring tool, and its 
relation to mortality risk. It should be noticed that this is the first time that a bedside imaging 
method is used to study the association of quadriceps muscle thickness with mortality among 
patients on chronic HD and compared it to other bedside tools (anthropometry and BIS). Since 
muscle mass is the target compartment to evaluate nutritional abnormalities in patients with 
ESKD on HD our study has important potential implications for the clinical practice, adding a 
portable imaging tool for the assessment of muscle loss.

LIMITATIONS OF THIS THESIS
Some limitations should also be acknowledged. Firstly, in chapters 6 and 7 the reference values 
used derived from the studied population, which might not be representative of the entire HD 
population. In addition, the European working group for sarcopenia in older people (EWGSOP) 
recommends the use of normative data derived from healthy young adults whenever possible 
for the determination of reference values for the diagnosis of sarcopenia (32). However, we 
were not able to include as many healthy subjects from different ages to derive normative 
values to be used as cut-off, using data derived from the studied population instead. Secondly, 
while in the first 4 studies of this thesis the same operator performed all measurements, 
in the last two chapters 3 operators were responsible for performing measurements in the 
different centers involved, which could lead to examiner-related variability. In order to limit 
such problem, all operators received proper training before initiation of the study. In addition, 
we showed in chapter 2 that operators that receive training in the same protocol of muscle 
US have excellent intra-rater correlation coefficient (ICC). Based on that background, we are 
confident that large inter-or intra-observer variability could not be an issue in this study, such 
that it would change the results. Thirdly, in the last part of the thesis, HGS was not available for 
all patients, leading to patients with reduced muscle mass but unavailable muscle strength, 
being removed from the analysis because it was not possible to determine the presence or 
absence of sarcopenia. Given the strength of findings, that missing data would probably have 
improved the results.
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THE USE OF MUSCLE US IN OTHER CONDITIONS
Quadriceps muscle US has been successfully applied in different clinical settings using 
different metrics. During ICU stay muscle US was used to monitor the presence of muscle 
wasting (33, 34). While in patients with coronary artery disease (CAD), it seemed as accurate as 
CT or MRI in measuring RF diameter (3). Similar findings were shown in patients with chronic 
obstructive pulmonary disease (COPD) regarding RF cross-sectional area (CSA) (4), and volume 
(9). In particular, mid-thigh thickness (i.e. thickness of the quadriceps femoris) best correlated 
with fat-free mass by DEXA in patients with COPD, and it was also more sensitive than DEXA 
in detecting muscle changes after exercise intervention (35).

Currently, there is an increasing effort to recognize US as a reference practical tool for the 
assessment of low muscularity in the diagnosis of sarcopenia. In the elderly, an US sarcopenic 
index (USI) based on metrics obtained by US of the quadriceps vastus lateralis muscle (i.e. 
the ratio between muscle fascicle length and muscle thickness) has been recently developed 
by applying the Z-score obtained from a younger population with excellent correlation with 
skeletal muscle index (SMI) obtained by DEXA (36). While another study derived muscle 
thickness cutoffs from a Japanese young population applying the EWGSOP recommendation 
of 2 standard deviations below the mean (37).

TOOLS USED
We assessed quadriceps muscle thickness using 3 different ultrasound systems (Philips hd7xe, 
Logiq and General electric) depending on center availability. Body composition was assessed 
using the Body Composition Monitor (BCM, Fresenius Medical Care) in chapter 7, and Somaton 
Definition Flash CT scanner in the validation study. Handgrip strength was measured by a portable 
digital dynamometer (KERN & SOHN GmbH, Germany). In chapter 4, we assessed the nutritional 
status of patients using the “Malnutrition Inflammation Score” (MIS) (38). We opted for the 
MIS composite tool because it was specifically designed for patients on chronic hemodialysis.

All data on demographics and blood parameters were collected from patient’s file.

IMPLICATIONS FOR FUTURE PRACTICE
The skeletal muscle is not only vital to mobility, posture, strength and balance (39), but it is 
also a key metabolic and homeostatic organ system (40). Most importantly, it plays a pivotal 
role in protein metabolism, being the source of amino acids when catabolism is present, 
thus preserving essential organs (40, 41). However, the presence of a chronic catabolic state 
may cause an important reduction in skeletal muscle mass and lean body mass, which has 
serious consequences, such as muscle weakness and impaired physical function, leading to 
disability and increased morbidity and mortality (42). As stated previously, muscle loss is a 
frequent finding in patients with chronic and acute renal diseases (16), a phenomenon that 
has been associated to nutritional problems, the presence of acute and chronic comorbidities, 
a sedentary lifestyle, and the effect of the kidney diseases and its treatments (43, 44) (17). 
Given its utmost importance, the assessment and monitoring of muscle status should be an 
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important part of the comprehensive nutritional evaluation of patients. Currently available 
and recommended techniques have important limitations that hamper the proper evaluation 
and monitoring of skeletal muscle in the renal setting. Imaging techniques such as MRI, CT and 
DEXA, are considered the reference methods. While they could provide a precise quantification 
of muscle tissues, they are expensive and not available for routine patient assessment, expose 
patients to excessive amounts of radiation in the case of CT, and can have measurements 
biased by overhydration in the case of DEXA. Bedside tools are usually preferred because they 
provide immediate information allowing for prompt identification of patients with muscle 
loss. However, available techniques such as anthropometrics and BIA/BIS have important 
limitations, both techniques can be biased by hydration status, in the case of anthropometrics 
reproducibility and repeatability are limited, and in the case of BIA/BIS, surrogates of muscle 
mass (FFM and LBM) are estimated based on population specific regression equations (in the 
case of BIA), or rely on theoretical assumptions regarding the conversion from bioelectrical 
signals to estimations of body water compartments (in the case of BIS).

Bearing those limitations in mind, the ideal tool to assess skeletal muscle status in renal pa-
tients should have the following characteristics: low cost, high availability, no specialized staff, 
be an imaging technique, high portability to be used at the bedside of patients, sensitivity, 
reproducibility, repeatability, and not influenced by fluid status. All these characteristics have 
been considered in the development of this thesis and the choice of US of a new bedside tool 
to be applied in renal patients for the assessment and monitoring of muscle mass. The impact 
that this thesis may have in future practice are:
· Inclusion of quadriceps muscle US as a reference method for the diagnosis of low muscle mass
· Increased awareness and more patients being evaluated for muscle loss, since US is cur-

rently available in every clinical setting and there is no need to invest in expensive tools
· Nutritional and physical interventions could be easily monitored during HD sessions by 

assessing patients’ quadriceps muscle status with US

IMPLICATIONS FOR FUTURE RESEARCH
Future studies should focus on determining reference values of quadriceps muscle thickness 
by using normative data from healthy subjects from different ethnic background and multiple 
age intervals. This would allow for a global application of quadriceps muscle US in different 
clinical settings, while reference values obtained from the studied patient population limit 
their applicability. In addition, quadriceps muscle US should also be applied in interventional 
studies to confirm its sensitivity and validity as a monitoring tool. Finally, other metrics of 
muscle quantity and quality could be extensively studied and developed. For example, RF CSA 
has also been studied in patients on HD, presenting good correlation with PEW as diagnosed 
by the ISRNM criteria (45), however a formal assessment regarding its use as monitoring 
feature is still lacking, as well as its sensitivity as a mortality predictor. In regard to the study 
if muscle quality by US, the assessment of muscle echogenicity could indicate fibrosis and fat 
infiltration, and studies relating muscle echogenicity to muscle strength should be performed, 
because although muscle mass is not directly related to muscle strength, muscle quality is (46).
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CONCLUSIONS
 In conclusion, this thesis met its objective of studying the applicability, validity and prognostic 
capacity of US in patients with kidney disease as a bedside tool for the assessment o skeletal 
muscle status. The main findings of the thesis are outlined below:

· Quadriceps muscle US has good reproducibility and repeatability when operators undergo 
proper training before applying it

· Quadriceps muscle US measurements are not influenced by fluid status
· Quadriceps muscle US is accurate and precise in comparison to CT
· Patients with ESKD on HD have reduced quadriceps muscle thickness in comparison to controls
· Quadriceps muscle US is sensitive to detect low muscularity and also to detect muscle 

changes in short periods of time
· Low muscle mass as assessed by quadriceps muscle US independently correlates with 

increased mortality risk and outperforms anthropometrics and BIS
· When quadriceps muscle US was used in combination to handgrip strength in the diagnosis 

of sarcopenia, it independently correlated with increased mortality

8
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Protein energy wasting (PEW) is a frequent finding in patients with acute and chronic kidney 
impairment. It is characterized by the loss of patients’ protein stores and energy fuels, 
characteristic of patients with kidney disease. It can be present in all stages of chronic kidney 
disease (CKD) and acute kidney injury (AKI), however it becomes clinically evident in the 
most advanced stages of both conditions. A number of metabolic derangements commonly 
observed in severe CKD and AKI (e.g. metabolic acidosis, inflammation, oxidative stress, and 
impaired insulin/insulin-like growth factor axis function), acute and chronic comorbidities 
and the kidney replacement therapy (KRT) per se, may have a negative impact on nutritional 
status. These pathogenetic factors may lead to muscle wasting through the alteration of the 
balance between muscle protein anabolism and catabolism.

The diagnosis of evaluation of PEW is usually based on a comprehensive assessment including 
patient history, physical examination, evaluation of nutrient intakes, biochemical markers 
and screening methodologies that provide a global picture of patients’ protein and energetic 
reserve, as well as their nutritional risk. An important part of this evaluation is the assessment 
of body composition, which refers typically to the quantification of adipose tissue and skeletal 
muscle mass, with the identification of reduced muscle mass being critical.

Nowadays, several methodologies are available for the estimation/measurement of muscle 
mass. Imaging techniques such as MRI, CT and DEXA, are considered reference methods. 
While they could provide a precise quantification of muscle tissues, they are not available 
for routine patient assessment, while have other limitations regarding patients’ safety 
and/or measurement precision in the presence of fluid overload (in the case of DEXA). 
Bedside tools are usually preferred because they provide immediate information allowing 
for prompt identification of patients with muscle loss. However, available techniques 
such as anthropometrics and BIA/BIS have important limitations intrinsic to the methods 
characteristics that hamper their use in the renal setting.

The aim of this dissertation is to study the applicability, validity and prognostic capacity 
of quadriceps muscle ultrasound (US) in patients with acute and chronic kidney disease on 
hemodialysis. The US technique seems to have all the necessary characteristics to be used 
as a diagnostic tool for the assessment of low muscle mass: low cost, high availability, no 
specialized staff, it’s an imaging technique, high portability to be used at the bedside of 
patients. There was a need to investigate its sensitivity, reproducibility, repeatability, and 
to see if measurements were influenced by fluid status. All these characteristics have been 
considered in the development of this thesis and the choice of US as a new bedside tool to be 
applied in patients with kidney impairments for the assessment and monitoring of muscle mass.

In chapter 2, we studied the reliability of quadriceps muscle US. In this study, quadriceps 
RF and VI thickness of critically ill patients with AKI stage 3 on KRT were measured by two 
assessors. Intra and inter-observer reliability was evaluated using intraclass correlation 
coefficient (ICC). Results showed that the reproducibility of measurements (comparison 
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between two assessors) was excellent, with an ICC value of 0.92 (across-site range 0.88 – 0.93). 
The repeatability of the method (comparison of two measurements within the same assessor) 
was also very high, with an ICC value of 0.99 (across-site range 0.98 – 0.99) for assessor 1 and 
an ICC value of 1.00 (across-site range 0.97 – 0.99) for assessor 2. No difference was found 
in measurements obtained before and after dialysis (11.5 (4.2) vs 11.4 (4.1) mm, P = 0.2498), 
independently from acute body weight changes due to fluid removal. Results from this study 
showed the quadriceps muscle US is reliable, with good repeatability and reproducibility.

In Chapter 3, we compared US with CT, a gold standard technique. Quadriceps RF and VI 
thickness of patients were blindly assessed at the same leg sites by both US and CT scans to 
estimate average difference in thickness, agreement and precision of the US methodology in 
comparison to CT. Results showed that the observed differential bias (between +0.04 and +0.26 
cm depending on the muscle site) and the proportional bias (between 82% and 98% of the 
reference values, depending on the muscle site) were not statistically significant. A minimal 
loss in precision was found with US, but it was not significant.

In Chapter 4, quadriceps muscle US was applied in patients with ESKD on HD for the first time in 
the literature. After stratifying ESKD patients into subgroups based on nutritional variable cut-
offs commonly used to define PEW in this clinical setting (BMI [≥ 23 versus < 23 Kg/m2], albumin 
[≥ 3.8 versus < 3.8 g/dL]) and malnutrition inflammation score (MIS) status (< 6 versus ≥ 6), RF and 
VI thickness of patients with worse nutritional status defined by BMI and MIS were significantly 
lower than those of well-nourished ESKD-HD patients (P value range: < 0.001 - < 0.05).  
In addition, we once again tested whether quadriceps muscle US measurements were affected 
by the HD procedure, with no differences between measurements performed before and after 
the dialysis session. In addition, we showed moderate correlations between quadriceps muscle 
US and other parameters of nutritional status such as BMI, MIS, mid-arm muscle area (MAMA) 
and a low correlation with serum albumin.

In Chapter 5, we report the data of a small study, in which we applied quadriceps RF and VI 
thickness by US in critically ill patients with AKI at baseline (within 72h of hospitalization) and 
after 5 days to assess whether US was sensitive enough to detect changes in quadriceps muscle 
thickness during short periods of time. In that study, muscle thickness decreased by 15% ± 
13% within the first 5 days of ICU stay (P < 0.001 for all sites as compared to ICU admission). 
At baseline muscle thickness of patients was similar to that of healthy controls, however, after 
5 days of hospitalization, patients had lower muscle thickness in comparison to controls. In 
addition, we identified that patients with more severe muscle loss had a higher probability of 
prolonged hospitalization, a finding that must be confirmed and further developed in future 
studies with a bigger sample size.

In Chapter 6, we normalized US and anthropometric (MAMA and MAMC) measurements of 181 
patients on HD by height2 (indexed values) and derived different cut-offs of indexed RF and VI 
thickness by US, as well as indexed MAMA and MAMC based on the distribution (percentiles) 
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of measurements in our sample of patients with ESKD on HD and studied the mortality risk 
predictability of 3 different cut-offs (p10, p25 and p50). Unlike indexed MAMC and MAMA, both 
proximal as well as distal indexed RF and VI thickness were significantly lower in patients 
who died as compared to patients who were alive at the end of the follow up period. The 
AUC values for the prediction of mortality were statistically significant at p25 and p50 for US 
derived measurements, but not for anthropometry. In the adjusted Cox-regression analysis, 
the indexed MAMC and indexed distal RF and VI thickness were independently related to 
mortality at p25 and p50, with the strongest association found when studying the indexed 
distal VI thickness at p50 (HR 2.16, 95%CI 1.27 – 3.69, P = 0.005).

In Chapter 7, we applied the cut-offs of indexed distal VI derived from the study described 
in chapter 6 in combination with HGS to diagnose sarcopenia and compared its prognostic 
capacity in comparison to sarcopenia as diagnosed by LTI combined with HGS. The applied 
cut-off for muscle US corresponded to < 3.44 mm/m2 for males and <3.52 mm/m2 for females, 
while the cut-off used for LTI was obtained from an age-matched healthy control group with LTI 
< 10th percentile. The cut-off values for low HGS were <27kg for males and <16kg for females, 
as recommended by the revised EWGSOP 2. In this study, the correlation between LTI and 
QVIT was moderate (r=0.37; p<0.001). When assessing the association with mortality, the 
non-adjusted analysis showed that low LTI had no association with mortality (HR 1.16 [95% 
CI 0.60-2.25], while low indexed VI thickness (HR 2.18 [95% CI 1.12-4.27]) and low HGS (HR 
9.08 [95% confidence interval (CI) 2.12-38.8]) showed to increase the mortality risk. In the 
fully adjusted model, only the combination of low HGS and low indexed VIT thickness was 
significantly associated to higher mortality risk [HR 3.21 [95% CI 1.37-7.53].

The results of this thesis could generate several implications for the clinical practice in the 
renal setting. First, US for the assessment of quadriceps skeletal muscle could be included as 
a reference method for the bedside evaluation and diagnosis of low muscle mass. Second, it 
could lead to increased awareness and more patients being evaluated for muscle loss, since 
US is currently available in every ICU and dialysis center, results are immediate and there is no 
need to invest in expensive tools. Finally, nutritional and physical interventions could be easily 
monitored during HD sessions by assessing patients’ quadriceps muscle status with US. The 
lack of reference values from a normative population, could drive future research in this field.
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VALORIZATION
The acute or chronic loss of kidney function is characterized by progressive worsening of 
nutritional status, in particular by an important reduction in protein stores and energy fuels, 
characteristic of the Protein-Energy Wasting (PEW) syndrome, a pathological condition 
associated with poor outcome. Thus, the assessment of nutritional status is essential both for 
preventing PEW in patients at risk, and for monitoring the success of nutritional and physical 
interventions in those with established PEW. In this regard, the assessment of skeletal muscle 
mass is of great importance, since many metabolic consequences of the loss of kidney function 
directly or indirectly promote muscle catabolism. Skeletal muscle is the largest store of Lean 
Body Mass (LBM) protein, and its quantitative/qualitative alterations may impact negatively 
on patients’ quality of life, ability to perform activities of daily living and prognosis. Skeletal 
muscle can be estimated by conventional bedside techniques, such as anthropometry, 
bioimpedance spectroscopy (BIS), or bioimpedance analysis (BIA), which however, in the 
renal setting have important limitations already discussed throughout this thesis. While gold 
standard imaging techniques such as computerized tomography (CT), magnetic resonance 
imaging (MRI), and Dual Energy X-ray Absorptiometry (DEXA) are expensive, not available at 
the bedside, require highly specialized personnel and finally may imply exposure to radiation 
in the case of CT and DEXA.

In the present thesis quadriceps muscle ultrasound (US) was shown to be a reliable, accurate, 
portable and easy to perform tool to be applied at the bedside of patients with acute or chronic 
kidney disease on hemodialysis. It outperformed bedside techniques such as anthropometry 
and BIS in predicting mortality, and diagnosing sarcopenia when assessed alongside handgrip 
strength (HGS). Considering the relative low cost of modern US devices and its wide availability 
in every hospital ward, ICU and dialysis centers, US is not only a reliable tool to be used in 
the evaluation of quadriceps muscle, but it is also economically viable, since no additional 
costs are expected to start using US to evaluate skeletal muscle. Another advantage of this 
technique, is that no specialized staff is needed, with proper training renal dietitians could 
use this tool as part of their routine assessment of patients, not increasing the work load 
of nurses and nephrologists. In fact, considering that 50% of the studied population had 
lower quadriceps muscle thickness index and were at a higher risk of mortality for that, we 
suggest that muscle US indeed be a part of the routine evaluation of patients, being useful as 
a screening tool to identify patients with worse prognosis.

As expected for every other nutritional marker, the discriminative value of US when applied 
by itself is low, suggesting that it should not be used as sole prognostic tool to make clinical 
decisions at individual level in AKI and ESKD patients on HD. On this matter, a general nutritional 
status evaluation is a comprehensive assessment that includes not only body composition, 
but also patients’ history, report of unintentional weight loss, functional parameters, 
physical examination, and other clinical and social parameters. On this ground, we suggest 
that quadriceps muscle US could add important information to multidimensional predictive 
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models in renal patients. In fact, the assessment of skeletal muscle mass achieves its full 
potential in combination with other parameters, as shown in Chapter 7. In addition, a diagnosis 
of low muscle mass or sarcopenia should be part of a more “holistic” approach, combining 
them with an evaluation of potentially modifiable factors such as dietary intake and physical 
activity. Findings should also be interpreted in view of its relation with a low health related 
quality of life, since these factors are often amenable to therapeutic intervention. Finally, non-
nutritional factors associated with loss of muscle mass such as inflammation and metabolic 
acidosis should be assessed and corrected prior to nutritional and physical interventions, as 
they may hamper muscle anabolism. For instance, a patient with reduced quadriceps muscle 
thickness index identified at a screening phase and reduced muscle strength with adequate 
nutritional intake and absence of inflammation or metabolic acidosis, but with low physical 
activity may primarily benefit from a physical intervention. On the other hand, an inflamed 
and acidotic patient, with poor appetite and low nutrient intake, will primarily benefit from 
interventions that correct metabolic acidosis, a search into the cause of inflammation and 
targeted nutritional intervention. A physical rehabilitation program may be ineffective and 
much more difficult for this patient. With all those considerations in mind, we propose an 
“holistic” assessment that should be the basis for a personalized approach (Figure 1).
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