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Abstract

Purpose: Acute kidney injury (AKI) requiring continuous kidney replacement therapy (CKRT)
has been hypothesized to increase the risk of developing intensive care unit-associated weakness
(ICU-AW), but prospective data are lacking.

Materials and Methods: This prospective observational study evaluated critically ill adults
with AKI requiring CKRT at two U.S. academic hospitals. Using ultrasonography (US), we
quantified changes in rectus femoris (RF) muscle mass and quality in the first week after CKRT
initiation. At hospital discharge, we assessed for ICU-AW, physical function, and frailty.

Results: Twenty-three patients with median age 56 [IQR 47-60] years, BMI 29 [26-36] kg/m?,
and Charlson Comorbidity Index 3 [1.5-5] were enrolled. The baseline Sequential Organ Failure
Assessment (SOFA) score was 9 [7.5-11.5] and CKRT duration was 4 [1-7] days. Six (26%)
patients died in the ICU and one (4%) transitioned to comfort measures before study completion.
Substantial muscle wasting occurred between Day 1 and Day 7: RF muscle thickness (mT)
decreased by 10% [3%-20%]; RF cross-sectional area (CSA) decreased by 19% [12%—-22%]; and
echo intensity (EI) increased (implying worse muscle quality) by 14% [5%-25%]. A significant
effect of time within subjects was observed for all three ultrasound measures (CSA: F=66.2,
p<0.001; mT: F=27.1, p<0.001; El: F=22.5, p<0.001). At hospital discharge, 67% of survivors
(n=10/15) met criteria for ICU-AW.

Conclusions: Patients with AKI requiring CKRT experienced significant muscle wasting in the
first week following CKRT initiation and had high rate of ICU-AW at hospital discharge.

Trial Registration: NCT05287204, Registered 20 October 2021

Keywords

Acute kidney injury; continuous kidney replacement therapy; dialysis; physical function; physical
frailty; Muscle weakness; ICU-acquired weakness
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INTRODUCTION

Intensive care unit-acquired weakness (ICU-AW) is reported in up to 80% of critically ill
patients and is associated with long-term mortality, impaired functional status, and decreased
quality of life (1-4). Acute skeletal muscle atrophy in the ICU is a common consequence

of critical illness which precedes the development of ICU-AW (5). Skeletal muscle atrophy
develops rapidly, with data demonstrating that 2-3% of baseline rectus femoris muscle

size is lost in the first day of ICU admission and up to 30% lost in the first 10 days

(5-7). A recent meta-analysis of over 50 studies and over 3,000 critically ill patients

found a pooled prevalence of ICU-AW of 48% with an average rate of loss of muscle

of nearly 2% per day during the first week of ICU admission (8). Previously recognized risk
factors for ICU-AW include high illness severity, acute respiratory failure and the need for
mechanical ventilation (MV), sepsis, prolonged immobilization, hyperglycemia, advanced
age, and prolonged exposure to corticosteroids, sedatives, or paralytic agents (9, 10).

Acute kidney injury (AKI) complicates up to 50% of all ICU admissions and 5-15% of
critically ill patients develop AKI requiring kidney replacement therapy (AKI-KRT), which
is associated with a short-term mortality of =50% across a variety of ICU populations (11—
13). Preclinical studies suggest that the extremely high mortality of AKI may relate to a
series of non-traditional effects, including inflammatory injury or dysfunction of a variety of
distant organs, including potentially skeletal muscle (14-17). The direct effects of AKI may
be exacerbated in patients requiring KRT by the non-selective clearance of amino acids and
other micronutrients (17-19). However, while muscle wasting is well-described in patients
with chronic kidney disease (CKD) (20), AKI and specifically AKI requiring continuous
KRT (AKI-CKRT) have only recently been proposed to contribute to an increased risk of
ICU-AW (17). Studies evaluating the risk of muscle wasting in critically ill patients with
AKI or those undergoing KRT are limited (21-25).

This study aimed to prospectively quantify the changes in RF muscle mass and quality in
the first 7 days following CKRT initiation and measure the incidence of ICU-AW at hospital
discharge in adults with severe AKI requiring CKRT.

METHODS

Ethics:

This study was approved by the Institutional Review Board of the University of Kentucky as
the central IRB of record (MedExp # 71153). Written informed consent was obtained for all
subjects, and the study was conducted in accordance with the Helsinki Declaration.

Study Design:

This was a prospective multicenter observational study performed at the hospitals of the
University of Kentucky (UKY) and University of New Mexico (UNM). The study protocol
was previously published (21). However, one of the three planned sites (University of
lowa) was ultimately unable to enroll any subjects due to unanticipated disruptions in
research coordinator support related to the COVID-19 pandemic. In brief, patients with
AKI-CKRT or their legal authorized representatives consented to participate in longitudinal
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ultrasonographic assessment of rectus femoris (RF) muscle size and quality with carefully
aligned assessments of mobility status in the ICU (acute phase) and muscle strength,
physical function, frailty, and quality of life at hospital discharge and short-term outpatient
follow-up (recovery phase). Muscle ultrasound images were obtained within 48 hours of
CKRT initiation (Day 1) and repeated on study Days 3 and 7, at ICU and hospital discharge,
and at outpatient follow-up at 1-3 months after discharge (Figure 1a). Biospecimens were
collected as reported in the protocol; the results of these analyses will be separately
disseminated. The protocol was developed in accordance with the Strengthening the
Reporting of Observational Studies in Epidemiology (STROBE) guidelines (21, 26).

Patient Population:

Eligible subjects were adults (=18 years) with AKI-CKRT. All patients met KDIGO

criteria for AKI (27) prior to CKRT initiation. Subjects with baseline estimated glomerular
filtration rate <20 mL/min/1.73 m2, as calculated by the 2021 CKD-EPI equation (28),

or those previously treated with KRT at any point were excluded. Additional prespecified
exclusion criteria were admission to ICU for >7 days before CKRT initiation, treatment with
extracorporeal membrane oxygenation, and underlying neuromuscular or systemic disorders
that may lead to baseline muscle wasting. Patients with weight-bearing restrictions that
would preclude functional testing (e.g., orthopedic surgery or trauma) were also excluded.
To potentially inform future study design, detailed screening data were obtained at one

site (UNM; Supplemental Table 1). Enrollment and the initial assessments were completed
within 48 hours of CKRT initiation.

Primary Outcomes:

The primary outcomes were the change in RF muscle size (cross-sectional area [CSA] and
muscle thickness [mT]) and the change in echo intensity (El, a measure of muscle quality)
as measured by ultrasound. The methodology and standardization of muscle ultrasonography
in critically ill subjects have been previously reported, with the results shown to have

high clinical utility, reliability, and validity (5, 29, 30). Muscle ultrasonography parameters
are valid estimates of muscle size and quality, but, given the inherent limitations of the
technique, are not considered absolute measurements. We examined RF muscle at two-thirds
of the distance from the anterior superior iliac spine to the superior border of the patella

in neutral alignment with the knee in neutral flexion. The right lower extremity was

imaged unless an interfering femoral vascular catheter was present; in all cases the limb
assessed at baseline was utilized for all subsequent time points. A minimal-to-no probe
compression technique was used with a linear probe (5-15 Hz) using excess ultrasound

gel, auto-gain setting, and depth of 5.9—-6 cm. At each time point, a minimum of 3 images
were obtained by resetting the probe each time to reduce potential variations in EI. At
UKY, one sonographer with >8 years of muscle ultrasound expertise (KPM) obtained all
images using the Sonosite 1Viz (FUJIFILM Sonosite, Inc., Bothell, WA, USA) (29-31).

At UNM, two independent sonographers (two of JPT, VQT, CAP, ZTS, or HPI) at each
time point obtained ultrasound images within 4 hours of each other using the Butterfly iQ
(Butterfly Network Inc., Burlington, MA, USA). Sonographers at UNM received dedicated
teleconference training led by KPM. Training is detailed in the protocol, with the inter-rater
reliability previously reported as excellent for CSA and mT and poor for El, with intraclass
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correlation coefficients of 0.92 (95% CI: 0.83-0.96), 0.96 (95% CI: 0.91-0.98), and 0.41
(95% CI: 0.04-0.68), respectively (21, 32). For both sites, muscle ultrasound images were
coded according to subject, sonographer, location, and time point, blinding the image
analysis. Images were analyzed using MyoVision-US, an artificial intelligence-powered
software program (33), and the average of the 3 images collected at each time point was
used in statistical analyses. Our primary focus was on describing the rate and severity of
muscle wasting as measured by the change in RF CSA, RF mT, and RF EI. In addition,
we compared to a historical control group of critically ill patients that were not treated
with KRT. Specifically, the controls consisted of 21 subjects with complete data who were
selected from a cohort of critically ill adults admitted for sepsis or acute respiratory failure
to the medical ICU at one of the study sites (UKY) from a prior study of similar design
published in 2020 (5). In contrast to the current cohort, these control patients underwent
initial ultrasound assessment on ICU Day 1.

Secondary Outcomes:

We examined mobility levels using the ICU Mobility Scale (IMS) (34) at the same time
points as ultrasound image acquisition. Muscle strength was examined by physical therapists
at hospital discharge and short-term outpatient follow-up with two techniques: (1) Medical
Research Council sum score (MRC-SS) with <48/60 indicating a diagnosis of ICU-AW
(35); and (2) knee extensor force production using a hand-held dynamometer (Lafayette
Instrument Company, Lafayette, IN, USA). At hospital discharge, physical function was
assessed with Short Physical Performance Battery (SPPB), including the 4-meter gait speed
test and Chair-Rise Test (36). At outpatient follow up, SPPB was completed plus the
6-minute walk test (6MWT), 30-second sit-to-stand test, and Timed Up and Go (TUG) test
(37, 38). Frailty was assessed using the Clinical Frailty Scale (CFS) (39).

Statistical Analysis Plan:

Descriptive statistics are presented as medians and interquartile ranges [IQR], means +
standard deviations, or ranges and percentages, as appropriate. To examine the primary
outcome of within-subject changes in muscle size and quality over the course of 7 days
following CKRT enrollment, we conducted a repeated measures ANOVA (rmANOVA) to
examine the effects of change over time in muscle ultrasound parameters (Day 1 and

Day 7) within each subject and the effect of the group (prospective CKRT group vs.
historical control group) as well as sex, age, and Charlson Comorbidity Index (CCl) as a
prioriselected covariates. The approach to analysis accounted for repeated measurements
within individuals, allowing us to assess not only the within-subject changes but also the
interactions between groups and time points. We calculated Pearson’s correlation between
Day 1 and Day 7 measurements for both prospectively enrolled CKRT subjects and
historical controls, and correlation coefficients were compared between the CKRT subjects
and controls using Fisher’s Z transformation. Wilcoxon signed-rank tests were used to
compare the distributions of RF mT, RF CSA, and RF EI measurements for each group
between Day 1 and Day 7. P-values were adjusted for multiple testing using the Benjamini-
Hochberg method.

J Crit Care. Author manuscript; available in PMC 2026 June 12.
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The characteristics of survivors to hospital discharge with and without ICU-AW were
compared using the Mann Whitney U test and Fisher’s Exact test. Finally, post-hoc
exploratory regression was performed by combining the CKRT and historical groups to
examine if CKRT exposure is independently associated with muscle strength at hospital
discharge using two approaches: (1) multivariable linear regression using MRC-SS as a
continuous dependent variable and (2) multivariable logistic regression with the binary
outcome of ICU-AW diagnosis (i.e., MRC-SS <48/60 or 248). To avoid overfitting, we
selected a priorithe following covariates: age, sex, CKRT exposure, and exposure to
MV. For sensitivity and transparency, we defined exposure to CKRT and MV with two
approaches equating to four total models: yes/no need for CKRT and MV and duration of
CKRT and MV in days.

Twenty-three patients (9 female, 14 male) with median [IQR] age 56 [47-60] years, BMI

29 [26-36] kg/m?, and CCI 3 [IQR 1.5-5] were enrolled (Table 1). At enrollment, the
median Sequential Organ Failure Assessment (SOFA) score was of 9 [7.5-11.5]. The
median duration of CKRT was 4 [1-7] days and the most common modality was continuous
venovenous hemodiafiltration (CVVHDF, n = 18, 78%) followed by continuous venovenous
hemodialysis (CVVHD, n = 3, 13%) and continuous venovenous hemofiltration (CVVH, n
=2, 9%). Fifteen (65%) required concurrent MV with median duration of 5 [4-13] days.
Eleven (48%) were clinically diagnosed with sepsis. The median ICU and hospital LOS
were 7 [5-15] days and 13 [9-33] days, respectively. Six (26%) patients died in the ICU and
one (4%) transitioned to comfort measures before study completion. Six (26%) patients were
discharged to a secondary facility, five (22%) went home with home health (HH) services,
and six (26%) were discharged home without HH services. Patients treated with CKRT had
low levels of mobility as measured by IMS with median of 0 [0-0] on Day 1, 0.5 [0-1] on
Day 3, and 3 [0.5-3.5] on Day 7.

Rectus femoris Ultrasound:

Ultimately, a total of 234 axial images of the RF were obtained, with a representative
example shown in Figure 1b. Baseline images were not obtained in 3 subjects due to death
or transition to comfort measures shortly after enrollment, and 1 set of images was unable to
be analyzed due to poor quality from excess adipose tissue and edema, yielding 19 subjects
with baseline images. Three additional patients died before discharge, whereas two sets of
images at the Day 7 time point and two different sets of images at hospital discharge were
unable to be analyzed due to edema and/or adiposity reducing quality. Ultimately, change
over time analyses were performed in 14 patients with matched pairs (Figure 2).

Rectus Femoris Muscle Thickness: The median baseline RF mT was 1.35 [1.1-1.7]
cm which decreased by median 10% [3%—-20%] from Day 1 to 7 and 17% [8%—22%] from
Day 1 to hospital discharge (Figure 3A).

J Crit Care. Author manuscript; available in PMC 2026 June 12.
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Rectus Femoris Cross-sectional Area: The median baseline RF CSA was 3.89 [3.3—
4.4] cm? which decreased by median 19% [12%-22%] from Day 1 to 7 and 15% [12%-—
25%] from Day 1 to hospital discharge (Figure 3B).

Rectus Femoris Echo Intensity: The median baseline RF EI was 92 [70-101] grayscale
units, which increased (implying worse muscle quality) by median 14% [5%-25%] from
Day 1 to Day 7 and 13% [0.5%-28%] from Day 1 to hospital discharge (Figure 3C).

Comparison of CKRT-treated subjects to historical controls:

There were no statistically significant differences in demographic or baseline clinical
characteristics between the CKRT-treated and non-KRT control groups (Supplemental Table
2), apart from time from ICU admission to first ultrasound exam (mean 2.8 vs. 1.1 days,
respectively). Correlation coefficients between Day 1 to 7 for muscle parameters were
similar between the CKRT and control groups (Supplemental Table 3), indicating a similar
degree of change between muscle parameters in both groups. Both the CKRT and control
groups showed statistically significant within-group change in RF CSA (decrease) and

RF EI (increase) measurements between Day 1 and Day 7 (p < 0.05, Figure 3). RF MT
(decrease) measurements differed significantly between Day 1 to Day 7 in only the control
group (p<0.001, Supplemental Table 4).

The rmANOVA for RF CSA and RF mT revealed a significant main effect of groups (F =
13.9, p = 0.003, and F = 27.1, p <0.001, respectively), indicating differences in trajectory of
RF muscle size between CKRT and control groups. However, there were no significant main
effects for RF EI. The main effects of age, sex, and CCI were not statistically significant for
any of the three measures of muscle wasting. There was a significant within-subject effect
of time (baseline to Day 7) for all three measures of muscle wasting (RF mT: F=27.1, p
<0.001; RF CSA: F=66.2, p<0.001; RF El: F=22.5, p < 0.001, Figure 3), meaning the
change in all 3 muscle measurements across time was significant in both groups. However,
the interaction effect between group and time was not statistically significant for any of the
measures, indicating that the amount of change in muscle mass and quality over time did not
differ significantly between CKRT and control subjects (Supplemental Table 5).

Muscle Strength and Physical Function:

Ultimately, 6 total patients died in hospital and 1 additional subject (due to agitation)

was unable to safely participate in testing at hospital discharge, yielding 15 subjects who
completed testing (Figure 2). At discharge, 67% of patients (n = 10/15) met criteria for
ICU-AW based on MRC-SS (Table 2). Patients meeting criteria for ICU-AW were younger
and more likely to be female, but no differences were observed in the Day 1-7 muscle
ultrasound parameters compared to those without ICU-AW. The median SPPB at discharge
was 3 [1-6], indicating significant levels of physical disability and impaired mobility. Only
2 of 15 subjects were able to complete the Chair-Rise test of the SPPB. The median CFS
score was 6 [5-7], representing moderate frailty, with overall 93% of subjects (n = 14/15)
exhibiting frailty.

J Crit Care. Author manuscript; available in PMC 2026 June 12.
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Four subjects returned to clinic for testing at short-term follow-up. Three patients performed
6MWT with median distance of 308 (range 274-455) meters, with 1 subject unable to
complete the 6BMWT due to weakness requiring a wheelchair. Among the 4 subjects,

the median SPPB was 6 (range 4-12), with 3 subjects exhibiting significant functional
impairment (SPPB <10).

Exploratory Regression Analyses:

In a combined cohort of 31 patients who participated in muscle strength testing at hospital
discharge (n = 15 CKRT-treated subjects and n = 16 historical controls), when controlling
for age, sex, and receipt of MV, the receipt of CKRT was independently associated with
lower MRC-SS examined as continuous variable (B = —6.4, p = 0.033) and associated
with the binary diagnosis of ICU-AW (adjusted OR = 6.97, p=0.0326, Table 3). When
reanalyzing exposure to CKRT or MV as continuous variables in days, the associations
between CKRT exposure and MRC-SS or diagnosis of ICU-AW are attenuated (Table 3).

DISCUSSION

In this prospective multicenter study, we found that critically ill adult patients requiring
CKRT for AKI experience a significant reduction in muscle size and worsening of muscle
quality during the first week following CKRT initiation. Specifically, the degree of RF
wasting observed in the first 7 days after CKRT initiation was similar, in the case of

mT (10% vs. 12%, respectively), or substantially greater, in the case of CSA (19% vs.
15%, respectively), when compared to the pooled rates of muscle loss reported during the
first week of ICU admission in a 2023 meta-analysis of 3,251 patients, most of whom
underwent MV (8). Moreover, we found that patients treated with CKRT for AKI exhibit
high rates of muscle weakness and physical function impairment, with two-thirds of subjects
who survived to hospital discharge meeting diagnostic criteria for ICU-AW and with all
subjects exhibiting impaired physical function and/or frailty. To our knowledge, this is

the first prospective study demonstrating that patients with AKI-CKRT are at high risk of
experiencing skeletal muscle atrophy and developing ICU-AW. These findings suggest that
patients with AKI-CKRT may benefit from frequent skeletal muscle assessment in the ICU
to improve functional prognostication and to prompt clinicians to consider implementing
strategies to mitigate physical impairment. Our findings also suggest that the short- and
immediate-term sequalae of CKRT on skeletal muscle should be the subject of additional
prospective research.

We utilized a pragmatic approach to assess muscle wasting and weakness in patients

with CKRT. We employed ultrasonography to longitudinally track muscle size and quality
based on time points frequently used in the broader ICU-AW literature. Although muscle
ultrasound may not be considered the gold standard for assessing muscle size and quality,

it is the most utilized method for assessing muscle wasting in critical care research (8,

40). Specifically, muscle ultrasonography has excellent inter-rater reliability, good construct
validity, and high clinical utility (6, 29, 32, 41-43). However, our ultrasound data must

be interpreted with caution given our sample size and the exclusion of a few subjects due

to poor image quality related to adiposity and edema. Muscle ultrasound is less sensitive
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to detecting changes with edema compared to other imaging modalities (44), which may
have led to artifactual changes (45) and poor reliability in El in this study (32). Another
possible reason that the change in EI seen in our cohort was somewhat less than that in the
non-CKRT controls is that the use of CKRT effectively treated or mitigated volume overload
which commonly develops in critically ill patients. More research is necessary to understand
the sensitivity and specificity of ultrasound for patients with severe AKI who are at risk of
muscle atrophy.

A variety of prior human observational studies have suggested that CKRT may increase
the risk of ICU-AW (22-25). For example, a prospective multicenter cohort study of 642
mechanically ventilated patients identified days on KRT as an independent risk factor for
ICU-AW (24). Likewise, a retrospective cohort study of >100 ICU survivors found that
patients with stage 2 or 3 AKI had increased severity of muscle weakness, lower health-
related quality of life, and impaired ability to return to work or driving, with survivors of
AKI-KRT being the most severely affected (25). In our study, we detected an association
between AKI-KRT and muscle strength as measured by MRC-SS and the diagnosis of
ICU-AW at hospital discharge. The presence of weakness at discharge, however, was not
associated with changes in muscle size and quality as assessed by ultrasonography. Though
multiple reasons for this discrepancy are possible, including the potential limitations of the
ultrasonographic assessment of muscle, these findings are nonetheless consistent with data
from other studies of critical illness and other settings which demonstrate that muscle size
does not always equate to strength (46).

Though additional data are needed, AKI and CKRT are proposed to influence ICU-AW
through a variety of mechanisms (17). Animal studies suggest that the high mortality of
AKI in the ICU may be a result of organ cross-talk, in which renal ischemia-reperfusion
injury, though a variety of cytokines and other inflammatory mediators, induces injury and
dysfunction of multiple distant organs including the lung, brain, and myocardium (14-16).
Similarly, AKI has been associated in human observational studies with a variety of non-
renal effects, such as infection, bone fracture, and stroke (47-49). In skeletal muscle, AKI
appears to trigger, through multiple mediators and metabolic pathways, altered amino acid
utilization and enhanced muscle tissue catabolism, which may be exacerbated in patients
requiring KRT by the non-selective clearance of phosphate, amino acids, and small peptides
(17-19, 50-53). CKRT—which provides the highest total cumulative dose of small solute
clearance of all available KRT modalities—may especially contribute to the development of
muscle wasting, with studies demonstrating that CKRT can remove up to 10-20 g of amino
acids per day (18, 19, 51-54). Additional mechanistic studies are required to better clarify
the effects of AKI and/or KRT on skeletal muscle and specifically on the development of
ICU-AW.

Likewise, additional studies are needed to better define strategies to mitigate the possible
contribution of AKI-CKRT to the development of ICU-AW. Most basically, this may
include the provision of early physical rehabilitation. Notably, observational studies suggest
that physical therapy is feasible and safe during CKRT (55), though prospective data
demonstrating beneficial outcomes from physical rehabilitation in patients receiving CKRT
are lacking. Likewise, parenteral amino acid supplementation to counteract losses through

J Crit Care. Author manuscript; available in PMC 2026 June 12.
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CKRT holds some promise and, in a small study, has been shown to effectively maintain
serum amino acid levels (56), but the impact on development of ICU-AW or other relevant
clinical outcomes is unknown. Finally, observational data suggest that prevention of CKRT-
induced hypophosphatemia may decrease the duration of MV, an association felt likely

to be mediated by respiratory muscle function, but the impact of the development or the
prevention of CKRT-induced hypophosphatemia on non-respiratory muscle function has not
been prospectively investigated (57-59).

Notably, we did not detect significant differences in the rates of change in muscle

size and quality between the CKRT patients and the historical controls. However, both
cohorts exhibited high rates of acute muscle wasting when controlling for age, sex,

and pre-existing comorbidity, suggesting that both groups—patients with sepsis and/or
respiratory failure and those with AKI-CKRT—are at high risk for ICU-AW. In addition,
in two exploratory regression analyses, CKRT exposure appeared to be independently
associated with reduced muscle strength at hospital discharge when controlling for age,
sex, and exposure to MV, though these analyses are limited by their post-hoc nature and
potential selection bias. Potential reasons for the lack of statistically significant difference
in muscle ultrasound parameters between the CKRT-treated group and the control group
include the limited sample size, limitations inherent to the use of historical controls,
limitations in the methodology of muscle ultrasound, and differential timing of ultrasound
assessment relative to ICU admission. Larger studies including both CKRT-treated subjects
and contemporaneously enrolled controls are necessary.

Of note, patients with AKI-CKRT who developed ICU-AW at hospital discharge had a
somewhat higher incidence of sepsis and higher WBC at time of CKRT initiation with
longer MV times. Though these differences did not reach statistical significance and the
overall difference in SOFA scores between subjects that did and did not develop ICU-AW
was relatively small, these trends suggest a potentially higher severity of illness in these
specific parameters that have been previously linked to the development of ICU-AW (9,
10). Furthermore, we did not capture every mediator or confounder of our outcomes in
this prospective study. Notably, we did not analyze creatinine, urea, or urea-creatinine
ratio (UCR). These biomarkers of kidney function may provide additional value when
evaluating skeletal muscle wasting. UCR holds particular interest as previous studies have
demonstrated a strong correlation between higher UCR and lower muscle mass in the ICU
(60). However, more research is needed to understand and validate biomarkers of muscle
wasting, as these measures frequently lack specificity (61).

Our study has limitations, including the relatively small sample size, reducing the certainty
in our findings. Likewise, the exploratory multivariable regression analyses which are
inherently hypothesis-generating in nature and should be interpreted with caution. Moreover,
the high rate of attrition inherent to studying a condition with a 250% in-hospital mortality
rate and the challenges of attempting to perform outpatient follow-up in an ICU cohort
ultimately limited our evaluation of outcomes. Studies of this patient population are

subject to selection and survivorship biases, as death or transition to hospice precludes
evaluation of the sickest subjects. Therefore, we did not have enough subjects returning

for outpatient assessment to analyze longer-term functional outcomes. The lack of granular
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data on nutrition, provision of physical therapy, and fluid balance are additional relevant
limitations with potential impact on the measured changes of muscle size and quality and
on functional outcomes. Indeed, though proving consistent benefit in randomized trials has
been challenging, recent observational studies suggest that the provision of physical therapy
and, to a less consistent degree, nutrition could influence the development of muscle wasting
and the functional status of ICU survivors (62—67). Future larger studies would ideally
capture detailed information on protein, micronutrient, and phosphate supplementation,

the delivery of early physical rehabilitation, and fluid intake and output to include as
covariates in the analyses. Furthermore, though AKI itself and the need for CKRT have
been proposed to independently contribute to ICU-AW (17), an inherent limitation of our
study population is the inability to tease apart the effects of AKI and CKRT exposure on
our study outcomes. Finally, severity of illness and duration of MV are known important
contributors to weakness which could confound the relationship between AKI-CRRT and
ICU-AW; we attempted to evaluate or adjust for these factors in our analyses, though
ultimately neither severity of illness nor exposure to MV were statistically significant in our
modeling, possibly due to our limited sample size. Further studies with larger sample sizes
should focus on the interactions between CKRT, MV, and overall severity of illness, muscle
strength, and physical function.

In conclusion, in this prospective multicenter study we found that patients with critical
illness and AKI requiring CKRT experienced a substantial reduction in muscle size and
worsening of muscle quality during the first week following CKRT initiation. The degree

of ultrasonographic muscle wasting detected was comparable to that observed in a historical
control group of patients with respiratory failure and/or sepsis and the pooled rate of wasting
reported from a recent large meta-analysis (8), suggesting that patients with AKI-CKRT
comprise a relevant subgroup of patients with critical illness at high risk of ICU-AW. In
addition, CKRT-treated subjects who survived to discharge exhibited substantial deficits

in physical function, with two-thirds meeting criteria for ICU-AW, and significant degrees
of frailty. Additional prospective studies analyzing larger cohorts of patients with critical
illness and AKI-CKRT will be required to more definitively elucidate the relationship
between AKI, KRT, and the risk of development of ICU-AW and, ultimately, to determine
whether patients with AKI-CKRT benefit from targeted rehabilitation and other strategies to
mitigate ICU-AW and improve patient-centered functional outcomes.
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Highlights

Patients in the ICU with acute kidney injury (AKI) who required continuous
kidney replacement therapy (CKRT) suffered 2—3% per day of rectus femoris
muscle wasting in the first week.

67% of AKI-CRKT survivors had clinically detectable ICU-acquired
weakness at hospital discharge.

Patients with AKI who required CRKT were at risk of significant short- and
long-term impairments in muscle and physical function.
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Study overview and representative muscle ultrasound images. Panel A) Schematic showing
schedule of longitudinal assessment and study activities at each time point. Panel B)
Representative pair of images obtained at Day 1 and Day 7 in the same subject
demonstrating significant decrease in rectus femoris (RF) thickness and cross-sectional
area. Panel A created with BioRender.com. /mages in Panel B obtained with Sonosite IViz
(FUJIFILM Sonosite, Inc., Bothell, WA, USA) and linear probe.

CKRT = continuous kidney replacement therapy; DC = discharge; F = femur; ICU =

intensive care unit; US = ultrasound.
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Adults treated with CKRT at UK
screened between January 2022
and July 2023

Adults treated with CKRT at UNM
screened between October 2022
and September 2023.
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Figure 2:
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Flow diagram of recruitment, enrollment, and follow-up
CKRT = continuous kidney replacement therapy; UK = University of Kentucky; UNM =

University of New Mexico.
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C. RF Muscle Echo Intensity
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Figure 3:
Change in rectus femoris (RF) muscle size and quality in patients with AKI treated with

CKRT compared to historical control group of critically ill adult patients not treated with
KRT. Panel A) Rectus Femoris Muscle Thickness (mT) displays the decrease in raw mT
(in cm) and the percent change from Day 1 to 7. Panel B) Rectus Femoris Cross-sectional
Area (CSA) displays the decrease in raw CSA (in cm?) and the percent change from Day
1to 7. Panel C) Rectus Femoris Echo Intensity (El) displays the increase in the raw El (in
arbitrary units, a.u.) and the percent change from Day 1 to 7. An increase in El increased
implies worsening muscle quality. There was a significant effect of time (i.e., day) within
subjects for all three measures of muscle wasting (RF mT: F = 27.1, p < 0.001; RF CSA:
F=66.2, p <0.001; RF El: F =22.5, p < 0.001), meaning the change across time in all
three muscle mass measurements in CKRT-treated patients was significant. However, the
interaction effect between group and day was not statistically significant for any of the
measures, indicating that the amount of change in muscle mass and quality over time did not
differ significantly between the CKRT and historical control groups. Displayed are medians
with whiskers indicating interquartile range.

AKI = acute kidney injury; CKRT = continuous kidney replacement therapy; cm =
centimeters.
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Table 1.
Demographic and clinical data of CKRT cohort
Parameter CKRT cohort (n = 23)

Age, median [IQR] 56 [37-60]
Sex, Female (%) 9(39)
Body mass index, kg/m?, median [IQR] 29 [26-36]
Charlson Comorbidity Index, median [IQR] 3[1.5-5]
SOFA score at study enrollment, median [IQR] 9 [7.5-11.5]
Time from ICU admission to CKRT initiation, days, median [IQR] 1[1-2]
CKRT days, median [IQR] 411-7]
Sepsis®, n (%) 11 (48)
White blood cell count (x 10%/L)

. ICU admit, median [IQR] 16 [12 - 18]

. CKRT initiation, median [IQR] 18 [14-21]
Nutritional delivered during first week of study

. Oral Diet, n (%) 8 (35)

. Enteral, n (%) 13 (56)

. Parenteral, n (%) 2(9)
MV, yes (%) 15 (65)
MV duration, days, median [IQR] 5[4-13]
ICU LOS, median [IQR] 9 [8-11]
Hospital LOS, median [IQR] 13 [8.5-33]
Days from ICU admit to 15 US exam, mean + SD 2[1.8-3.2]
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CKRT = continuous kidney replacement therapy; ICU = intensive care unit; IQR = interquartile range; LOS = length of stay; MV = mechanical

ventilation; SD = standard deviation; SOFA = Sequential Organ Failure Assessment; US = ultrasound.
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Table 2.
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Demographic and clinical data of AKI-CKRT patients evaluated at discharge for ICU-AW and the results of

physical function testing.

Subjects evaluated at

Diagnosis of ICU-AW™

Parameter i -
discharge (n = 15) Yes (n = 10) No (n = 5) p-valueT

Age, median [IQR] 57 [36 - 63] 49 [32-57] 67 [60-69] 0.014
Sex, Female (%) 7(47) 7 (70) 1(20) 0.021
Body mass index, kg/m2, median [IQR] 29 [24 - 40] 28 [23-40] 35 [27-38] 0.918
Charlson Comorbidity Index, median [IQR] 3[1.5-5.5] 2 [1-5] 5 [3-6] 0.289
SOFA score at study enroliment, median [IQR] 9 [8-10] 9.5 [5.5-10.75] 8 [8-9] 0.867
E’Iig;]from ICU admission to CKRT initiation, days, median 1[09-14] 1[06-18] 1[1-1] 0.820
CKRT days, median [IQR] 4 [3-7] 4[3-7] 5 [4-6] 0.626
Sepsis/\’ n (%) 7(47) 6 (60) 1(20) 0.343
White blood cell count (x 10%/L)

: ICU admit, median [1QR] 16 [12 - 18] 17[16-19] | 12[11-13] | 0258

. CKRT initiation, median [IQR] 17 [14 - 22] 18[17-24] | 10[8-12] | 0.075
Nutritional delivered during first week of study

. Oral Diet, n (%) 8 (53) 4 (40) 4(80)

0.550

. Enteral, n (%) 6 (40) 5 (50) 1(20)

. Parenteral, n (%) 1(7) 1(10) 0(0)
MV, yes (%) 8 (53) 5 (50) 3(60) 0.657
MV duration, days, median [IQR] 12 [4-17] 17 [13-17] 9 [6-11] 0.108
ICU LOS, median [IQR] 9 [5-21] 9 [5-28] 9[8-11] 0.489
Hospital LOS, median [IQR] 18 [12-41] 32 [16-50] 11 [10-15] 0.092
Days from ICU admit to 15t US exam, mean + SD 2[1-3] 25[1.3-3] 2 [1-4] 0.835

Muscle & Physical Function Testing at Hospital Discharge
MRC-SS (0-60), median [IQR] 44 [42-50] 42 [40-44] 50 [50-50] 0.014
Knee extensor strength, kg, median [IQR] 13 [11-16] 11 [7-12] 16 [15-20] 0.012
Handgrip strength, kg, median [IQR] 16 [12-23] 14 [12-18] 22 [19-25] 0.008
Short Physical Performance Battery, median [IQR] 3[0.5-6] 1.5[0-3] 6 [6-8] 0.025
Clinical Frailty Scale, median [IQR] 6 [5-7] 7[6-7] 4[4-5] 0.007

Discharge destination
Home, n (%) 11 (73) 6 (60) 5 (100) 0.154%
Secondary care facility (Long-term acute care, skilled
nursing or acute rehabilitation), n (%) 4(27) 4 (40) 00

*
Diagnosis of ICU-AW is based on MRC-SS <48/60 at hospital discharge.
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7‘p—value represents Fisher’s exact test or Mann Whitney U test.

N

Sepsis assessed in binary fashion as present or absent upon study enrollment or during the subsequent ICU course, based upon clinical
documentation.
#_. . - -

Fisher’s exact test comparing ICUAW (yes, no) with discharge home or secondary care facility.

AKI-CKRT; acute kidney injury requiring CKRT; CKRT = continuous kidney replacement therapy; ICU = intensive care unit; ICU-AW =
ICU-associated weakness; IQR = interquartile range; LOS = length of stay; MRC-SS = Medical Research Council sum score; MV = mechanical
ventilation; SD = standard deviation; SOFA = Sequential Organ Failure Assessment; US = ultrasound.
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(n = 31) of CKRT-treated subjects and historical controls

Table 3.
Exploratory multivariable regression models predicting muscle strength and ICU-AW in the combined cohort

Outcome variable: MRC-SS (continuous)

Independent variables Unstandardized B (95% CI) | Std Error T p-value
Constant 52.5(38-67) 6.7 7.62 <0.001
Age -0.05 (-0.2 - 0.2) 0.95 -0.47 | 0641
Sex (Male compared to female) 0.72 (-5.2-6.6) 0.05 0.25 0.805
Mechanical ventilation (yes) -1.67 (-8.0-4.6) 3.01 -0.55 0.587
CKRT (yes) -6.39 (-12 - -0.6) 2.83 -2.26 | 0.033
Outcome variable: MRC-SS (continuous)

Independent variables Unstandardized B (95% CI) | Std Error T p-value
Constant 62 (38 — 86) 11.2 5.532 | <0.001
Age -0.11 (-0.4-0.2) 0.14 -0.80 | 0.444
Sex (Male compared to female) -2.6 (-10-5.2) 3.66 -0.71 0.486
Mechanical ventilation duration (days) -0.43 (-1.2-0.3) 0.36 -1.19 0.251
CKRT duration (days) -0.55 (-1.7 - 0.6) 0.53 -1.05 | 0311
Outcome variable: Diagnosis of ICU-AW

Independent variables aOR (95% CI) Std Error p-value
Constant 2.32 1.99 0.673

Age 0.98 (0.9-1.0) 0.03 0.531

Sex (Male compared to female) 0.34(0.1-1.8) 0.87 0.212
Mechanical ventilation (yes) 2.23(04-13.1) 0.90 0.375
CKRT (yes) 6.97 (1.2 -41.1) 0.01 0.032
Outcome variable: Diagnosis of ICU-AW

Independent variables aOR (95% CI) Std Error p-value
Constant 0.02 4.98 0.210

Age 11(09-1.2) 0.07 0.887

Sex (Male compared to female) 0.6(0.1-7.3) 1.26 0.324
Mechanical ventilation duration (days) 1.8(0.9-3.5) 0.34 0.245
CKRT duration (days) 0.7(0.4-1.3) 0.30 0.611

Page 24

Medical Research Council Sum Score (MRC-SS) is the dependent outcome of interest at hospital discharge; a diagnosis of ICU-AW based on of

<48/60

aOR = adjusted odds ratio; CI = confidence interval; CKRT = continuous kidney replacement therapy; ICU-AW = intensive care unit acquired

weakness.
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