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Abstract: (1) Background: Acute kidney injury (AKI) is common among critically ill COVID-19
patients, but its temporal association with prone positioning (PP) is still unknown, and no data
exist on the possibility of predicting PP-associated AKI from bedside clinical variables. (2) Methods:
We analyzed data from 93 COVID-19-related ARDS patients who underwent invasive mechanical
ventilation (IMV) and at least one PP cycle. We collected hemodynamic variables, respiratory
mechanics, and circulating biomarkers before, during, and after the first PP cycle. PP-associated AKI
(PP-AKI) was defined as AKI diagnosed any time from the start of PP to 48 h after returning to the
supine position. A t-test for independent samples was used to test for the differences between groups,
while binomial logistical regression was performed to assess variables independently associated
with PP-associated AKI. (3) Results: A total of 48/93 (52%) patients developed PP-AKI, with a
median onset at 24 [13.5–44.5] hours after starting PP. No significant differences in demographic
characteristics between groups were found. Before starting the first PP cycle, patients who developed
PP-AKI had a significantly lower cumulative fluid balance (CFB), even when normalized for body
weight (p = 0.006). Central venous pressure (CVP) values, measured before the first PP (OR 0.803,
95% CI [0.684–0.942], p = 0.007), as well as BMI (OR 1.153, 95% CI = [1.013–1.313], p = 0.031), were
independently associated with the development of PP-AKI. In the multivariable regression analysis, a
lower CVP before the first PP cycle was independently associated with ventilator-free days (OR 0.271,
95% CI [0.123–0.936], p = 0.011) and with ICU mortality (OR:0.831, 95% CI [0.699–0.989], p = 0.037).
(4) Conclusions: Acute kidney injury occurs frequently in invasively ventilated severe COVID-19
ARDS patients undergoing their first prone positioning cycle. Higher BMI and lower CVP before PP
are independently associated with the occurrence of AKI during prone positioning.

Keywords: acute respiratory distress syndrome; acute kidney injury; prone positioning; mechanical
ventilation; central venous pressure

1. Introduction

Acute kidney injury (AKI) is common in COVID-19 patients, with its prevalence
often exceeding 25% in critically ill patients [1]. Both systemic and local mechanisms,
such as endothelial dysfunction, direct viral damage, and hemodynamic disturbances,
may converge on kidney injury in COVID-19-related AKI [1–3]. In critically ill patients,
COVID-19-related AKI shows an overwhelming prevalence of progression, and renal
replacement therapy (RRT) is required in more than 30% of cases [4].

Prone positioning (PP) has been extensively used in the management of severe
COVID-19 ARDS (C-ARDS) [5] for its beneficial effects on V/Q mismatch, gas exchanges,
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and respiratory mechanics [6–8]. The rationale behind PP lies in improved regional ventila-
tion homogeneity [9] and the enhancement of a lung-protective ventilation strategy [10,11].
Despite large trials highlighting the positive impacts of PP in patient outcomes, including
mortality [12], PP is not free from potential adverse effects, like procedural risks, loss of ve-
nous access points, involuntary extubation, and potential hemodynamic instability [10,13].
Moreover, heterogeneous responses to prone positioning have been found among C-ARDS
patients, suggesting the possibility that not all patients may equally benefit from this
procedure [14].

Pathophysiological insights on how PP affects hemodynamics and organ perfusion
are lacking. Some evidence has shown that PP may increase cardiac output and help with
right ventricle unloading [15]. Additionally, PP may improve hypercapnia, hypoxemia, and
intrathoracic driving pressures, ultimately reducing the stress on right ventricular function
and improving hemodynamics [10,15]. On the other hand, PP increases intra-abdominal
pressure (IAP) [16] and can thus potentially affect abdominal organ perfusion and kidney
function [16,17]. Considering its potential role in increasing IAP, prone positioning may
therefore be an adjunctive factor in the development of AKI. Nevertheless, the incidence of
AKI in patients undergoing prone positioning is still not known.

In this context, we aimed to assess the incidence of AKI in patients affected by
COVID-19 ARDS and undergoing their first prone positioning cycle. Furthermore, we
tested if PP-AKI could be associated with demographic, hemodynamic, and clinical factors,
which were measured before PP.

2. Materials and Methods
2.1. Study Design

This is a monocentric retrospective cohort study. The data herein refer to patients
admitted to the mixed medical–surgical Intensive Care Unit of Arcispedale Sant’Anna
(Ferrara, Italy). Referring to the pandemic outbreaks in our territory, we analyzed data
for all adult patients admitted to the ICU between 8 March 2020 and 31 December 2021.
In our analysis, we screened all patients admitted to the ICU during the study period for
inclusion and included patients who met the following criteria: (a) admission to the ICU
for acute respiratory failure due to COVID-19 pneumonia, as assessed through positive
RT-PCR tests on nasopharyngeal or endotracheal samples; (b) need for endotracheal tube
(ETT) placement during the ICU stay (or one already present at ICU admission); (c) and
execution of at least one PP cycle during controlled mechanical ventilation, as ordered by
the treating physician and according to available guidelines at the time of the patient’s ICU
stay [18]. We excluded patients with the following characteristics: (a) post-surgical patients;
(b) patients admitted for medical reasons other than COVID-19 pneumonia; (c) patients
who already had an AKI diagnosis at the time of their ICU admission or in the previous
three months; (d) and patients with end-stage CKD, in line with recent studies on AKI [19].
If patients were readmitted to the ICU, only the first admission was considered for analysis.
We collected patient-level data through the digital records of their hospital stays. Patients
whose digital record of their ICU stay was incomplete and/or unavailable for data collection
were excluded.

The study protocol received approval from the local ethical committee (approval num-
ber 544/2022/Oss/AOUFe) and adhered to the Declaration of Helsinki. In accordance with
local regulations, informed consent was collected or, if collection was not possible, waived.

2.2. Definitions

For this study, the definition and classification of acute kidney injury were made
according to the latest KDIGO Guidelines [20]. As per clinical practice, all enrolled patients
had an indwelling urinary catheter during their ICU stay and had their urinary output
monitored hourly and daily serum creatinine (SCr) measurements taken. This allowed
for the retrospective diagnosis of AKI by monitoring both any decrease in urinary output
and any daily increase in SCr. We defined PP-associated AKI (PP-AKI) when AKI onset
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occurred at any time between the start of the PP cycle and the 48 h after returning to the
supine position. The 48 h cutoff was chosen because of the slow kinetics of serum creatinine
after renal injury [21] and according to the KDIGO criteria for acute kidney injury, in which
a wide time range (i.e., up to 48 h) is needed to detect stage III AKI when considering
urinary output [22].

2.3. Data Collection

We evaluated the following clinical variables during the ICU stay: age, sex, weight,
Simplified Acute Physiology Score II (SAPS-II) [23], length of ICU stay, and ICU survival.
Baseline SCr was defined as the most recent value within 30 days before the ICU admis-
sion. Other baseline data collected included: hemodynamic data (HR, arterial pressure);
PaO2/FiO2 ratio at ICU admission; serum lactates at ICU admission; and hemoglobin (Hgb)
and hematocrit (Hct) at ICU admission. We also collected the following variables before
the initiation of PP: SCr the day of PP; total urinary output 24 h before PP; cumulative
fluid balance (CFB) since ICU admission; hemodynamic data (SAP, central venous pressure
(CVP), HR); and circulating biomarkers (i.e., Hgb, Hct, serum lactates, BUN). Specifically,
the value of central venous pressure was collected in mechanically ventilated patients
before entering the prone position and while they were in the semi-recumbent position.

The infusion of diuretic and/or vasoactive drugs before PP was recorded, along with
their daily dosage. Hourly urinary output and evolution in SCr during PP cycle and until
48 h after returning to the supine position permitted the diagnosis of AKI according to
KDIGO criteria.

In the interval between the beginning of PP and 48 hours after returning to the supine
position, we registered any introduction or increase in dosage for both diuretic(s) and
vasoactive drugs. Lactates and CFB were monitored during the same interval.

2.4. Study Aims

This trial was designed to assess the incidence of AKI and its possible determinants
in a population of severe COVID-19 ARDS patients undergoing prone positioning for the
first time. Our primary aim was to define the incidence and characteristics of PP-AKI in
the analyzed population. Our secondary aims were as follows: (a) to determine if there
were significant differences in clinical variables between patients who developed PP-AKI
after the first PP and patients who did not; (b) to determine if any of the clinical variables
preceding prone positioning could have a predictive value on AKI onset; (c) and to evaluate
association of clinical variables preceding the first PP cycle with ICU mortality and/or
ventilator-free days (VFDs).

2.5. Statistical Analyses

Standard descriptive analysis was performed to outline the features of the overall
population and characteristics of each defined group. Patients were divided into two groups
according to the development of PP-related AKI. Data are displayed as mean (standard
deviation) for normally distributed variables; otherwise, they are presented as median [IQ
range]. The Shapiro–Wilk test and Kolmogorov–Smirnov tests were used to determine if the
variables were normally distributed. Two tailed t-tests or the Mann–Whitney U-test were
performed on independent samples as appropriate, allowing for a comparison between
clinical variables and the detection of any significant inter-group differences.

Binomial logistical regression was performed to identify any predictive value of clinical
variables on PP-AKI onset and ICU mortality. Multivariable linear regression was used
to identify predictors of VFDs. For the logistic regression on the predictors for PP-AKI
onset, we decided to include CVP and SCr, both measured before the first PP, and the
24 h CFB/weight ratio before PP. The model was adjusted using the following variables:
age, BMI, SAPS-II score before PP, presence of previously known chronic kidney disease
(CKD), and maximal positive end-expiratory pressure (PEEP) applied during PP. Duration
of PP cycle and duration of hospital stay before ICU admission were also included. This
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modeling approach was designed to prioritize the choice of clinically relevant variables.
For the choice of variables selected for the other two aforementioned models, more details
are available in the Supplementary Materials.

A Variance Inflation Factor (VIF) > 5 was considered as the cut-off for collinearity
between variables. Finally, receiver operating characteristic (ROC) curves were built
to ascertain predictive performance and optimal cut-offs for variables correlating with
AKI development.

Sample size was calculated based on the primary outcome, i.e., the incidence of AKI
in patients undergoing PP. Considering an expected prevalence of 30% and a precision
of 0.1, we calculated a required sample size of 81 patients at 95% CI and 10% margin of
error. Considering a dropout rate of 10%, a sample size of a minimum of 89 patients was
required [24]. All analyses were performed using statistical analysis software (SPSS ver.
26.0; IBM Corp., Armonk, NY, USA), and the graphical elaboration of data was carried out
using GraphPad software (Prism ver. 9.4; GraphPad Software, San Diego, CA, USA). As a
conventional criterion, p-values < 0.05 were used to assess statistical significance.

3. Results
3.1. Population

We screened 264 patients admitted to our ICU during the study period. Among them,
56 were not affected by SARS-CoV-2 pneumonia, 42 did not undergo invasive mechanical
ventilation, and 53 did not undergo prone positioning; we were not able to retrieve digital
records for 12 patients, while for 8 patients, a large amount of data were missing. In the
end, data from 93 patients were analyzed (Figure 1).
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Figure 1. Patient flow diagram for the present study. ICU = intensive care unit; PP = prone positioning;
MV = mechanical ventilation; PP-AKI = acute kidney injury temporally related to prone-position.

The demographic characteristics of the study population are reported in Table 1. A
total of 75/93 (81%) were males, with a median PaO2/FiO2 at ICU admission of 105
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[79–133] mmHg. The median age was 67 [59–72.5] years, and their ICU stay began at 2
[1–4] days since hospital admission. The median BMI was 29.5 [26.5–33.6] kg/m2. The
most frequent comorbidity was arterial hypertension, which affected 48/93 (52%) subjects.
Prone positioning was maintained for a median time of 39 [24–47] hours. In the overall
population, the median number of completed PP cycles (i.e., pronation and return to the
supine position) were two [1–3], with 8/93 (8%) patients subjected to four PP cycles and
only 6/93 (6%) patients completing five cycles.

Table 1. Demographic characteristics at ICU admission and outcomes during ICU stay.

Variable

Age (years) 67 [59–72.5]
Males (%) 75/93 (81%)

Arterial hypertension (%) 48/93 (52%)
Ischemic heart disease (%) 7/93 (7%)

Asthma (%) 8/93 (8%)
COPD (%) 2/93 (2%)

Diabetes (%) 14/93 (15%)
Previous use of diuretics (%) 5/93 (5%)
Chronic kidney disease (%) 4/93 (4%)

BMI (kg/cm2) 29.4 [26.5–33.62]
Creatinine at ICU admission (mg/dL) 0.89 [0.71–1.14]

Systolic arterial pressure (mmHg) * 130 [120–150]
Diastolic arterial pressure (mmHg) * 75 [60–80]

Heart rate (beats/min) * 80 [70–90]
PaO2/FiO2 * 105 [79–133]

Arterial lactate * (mmol/L) 1.2 [0.9–1.5]
Hemoglobin (g/dL) * 13.6 [12.4–14.45]
Number of PP Cycles 2 [1–3]

Highest creatinine during ICU stay 1.47 [0.965–3.19]
Ventilator-free days (days) 0 [0–12]

ICU mortality 54/93 (58%)
Hospital days before ICU (days) 2 [1–4]

Days of ICU before first prone positioning 4 [1–7]
* at ICU admission; COPD = chronic obstructive pulmonary disease; BMI = body mass index; ICU = intensive care
unit; PP = prone positioning. Median [IQR] or frequency.

3.2. Incidence and Characteristics of PP-Associated AKI

A total of 48/93 (52%) patients developed AKI during or in the 48 h after the first
prone positioning cycle (Table 2). The main source for diagnosis was urine output, which
was diagnostic in 24/48 (50%) of patients. Creatinine elevation alone was diagnostic in
10/48 (21%) cases, whereas urine output and SCr were both diagnostic in 14/48 (29%)
of patients.

Table 2. Characteristics of AKI diagnosis after prone positioning.

Variable

Patients developing AKI after PP 48/93 (52%)
AKI diagnosed using Urine Output 24/48 (50%)

AKI diagnosed using Creatinine 10/48 (21%)
AKI diagnosed using both 14/48 (29%)

KDIGO class 1 29/48 (60%)
KDIGO class 2 12/48 (25%)
KDIGO class 3 7/48 (15%)

Time from PP start to diagnosis (hours) 24 [13.5–44.5]
Furosemide infusion before PP (yes) 27/48 (56%)

AKI = acute kidney injury; KDIGO = Kidney Disease: Improving Global Outcomes; PP = prone positioning.
Median [IQR] or frequency.



Healthcare 2023, 11, 2903 6 of 12

Regarding the KDIGO classes, 29/48 (60%) patients were diagnosed as class I AKI,
12/48 patients (25%) as class II, and 7/48 patients (15%) as class III AKI. Among patients
that developed AKI after first PP, 11/48 (23%) needed RRT during ICU stay, while 4/45 (9%)
of patients did not develop PP-AKI (p = 0.07). Median PP-AKI onset was at 24 [13.5–44.5]
hours after starting prone positioning (Figure 2).
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with AKI from the start of prone positioning. Dotted line = median duration of prone positioning in
the AKI cohort.

Patients diagnosed by urinary output were diagnosed earlier (22.4 [15.8–28.9] hours)
compared to patients diagnosed using the Scr value (42.3 [28.1–56.5] hours, p = 0.003).

Among the PP-AKI patients, 27/48 (56%) had furosemide infusion before PP, with
a median dosage of 60 [40–80] mg/24 h. However, furosemide dosage before pronation
did not significantly differ between patients who developed AKI and patients who did not
(X2 = 6.07, p = 0.41).

3.3. Differences between the AKI and Non-AKI Populations

Differences between the groups are detailed in Table 3. There were no significant
differences in age (68 [61–74] vs. 66.5 [58.5–72] years, p = 0.53), SAPS-II score (33 ± 6
vs. 34 ± 7, p = 0.28), and PaO2/FiO2 (107 [79–131] vs. 102.5 [80–133], p = 1) at ICU
admission. Urinary output was not significantly different between the groups in the 24 h
before starting PP, and median SCr before PP was within normal range in both groups,
although PP-AKI patients had a slightly more elevated SCr before the start of the PP
cycle (Table 3). Before starting the first PP cycle, patients who developed PP-AKI had a
significantly lower cumulative fluid balance, even when normalized for body weight (21.4
[6.5–42.8] vs. 4.4 [0–24.7] mL/kg, p = 0.007). PP-AKI patients also tended to present a lower
CVP, but this difference did not reach statistical significance (p = 0.16). Moreover, the mean
duration of the first PP cycle was similar in the two groups, as were the median ventilation
settings (tidal volume, PEEP) and infusion of diuretic drugs (i.e., furosemide). Comparing
clinical outcomes, no significant differences were found in terms of ICU length of stay
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(considering only survivors), number of PP cycles, ventilator-free days (VFD), or in ICU
mortality (Table 3).

Table 3. Clinical variables during ICU stay in the overall population and in the AKI/non-AKI groups.

Variable No AKI (45) AKI (48) Total (93)

Age (years) 68 [61–74] 66.5 [58.5–72] 67 [59–72]
BMI (kg/m2) 27.7 [25.7–32.1] 30.4 [27.7–33.8] 29.4 [26.6–33.6]

Creatinine (mg/dL) 0.85 [0.72–1.02] 0.91 [0.705–1.2] 0.89 [0.71–1.14]
Arterial pressure, diastolic (mmHg) 70 [60–80] 80 [70–82.5] 75 [60–80]

Heart rate (bpm) 80 [70–85] 82.5 [70–97.5] 80 [70–90]
PaO2/FiO2 107 [79–131] 102.5 [80–133] 105 [79–131]

Arterial lactates (mmol/L) 1.1 [0.9–1.5] 1.2 [1–1.65] 1.2 [0.9–1.5]
Hemoglobin (mg/dL) 13.3 ± 1.8 13.6 ± 1.7 13.5 ± 1.8

SCr before first PP cycle (mg/dL) 0.74 [0.61–0.89] 0.87 [0.68–1.10] 0.82 [0.65–0.98]
Last 24 h urine output (mL) 1742 ± 555 1724 ± 592 1733 ± 570

CFB from ICU entrance (mL) 1615 [644–3770] 413.5 [0–2015] 1107 [0–3016]
CFB from ICU entrance/kg (mL/kg) 21.4 [6.5–42.8] 4.4 [0–24.7] 13 [0–30.2]

SAPS-II score 33 ± 6 34 ± 7 34 ± 6
Hematocrit (%) 36.4 ± 5.7 38.1 ± 4.8 37.3 ± 5.3

Hemoglobin (mg/dL) 11.9 ± 2.2 12.6 ± 1.7 12.2 ± 2
Arterial lactates (mmol/L) 1.5 [1.2–2] 1.45 [1.1–1.9] 1.5 [1.1–2]

Central venous pressure (mmHg) 10 [7–11] 8 [6–10] 9 [6.5–10.5]
PEEP (cmH2O) 10 [10–12] 12 [9.5–13] 12 [10–12]

CVP/PEEP ratio 0.83 [0.615–1.1] 0.805 [0.56–1] 0.83 [0.575–1]
Tidal volume (mL) 430 [420–480] 450 [410–480] 450 [420–480]

Duration of cycle (hours) 41 [23–47] 37.5 [24–46] 39 [24–47]
Maximal PEEP (cmH2O) 12 [10–12] 12 [10–15] 12 [10–14]

Maximal furosemide dose (mg/24 h) 80 [40–100] 80 [60–160] 80 [60–120]
Worst SCr value (mg/dL) 1.12 [0.89–2.3] 1.84 [1.06–4.12] 1.47 [0.97–3.18]

ICU Mortality 22/45 (49%) 32/48 (67%) 54/93 (58%)
Number of PP cycles 2 [1–2] 2 [1–3] 2 [1–3]
Days ICU (survivors) 26 [17–44] 24.5 [14.2–38.7] 26 [15–40]

VFDs 3 [0–12] 0 [0–13.5] 0 [0–12]

AKI = acute kidney injury; SCr = serum creatinine; PP = prone positioning; PEEP = positive end-expiratory
pressure. ICU = intensive care unit; CVP = central venous pressure. Median [IQR] or frequency.

3.4. Determinants of PP-AKI

To evaluate the independent determinants of PP-AKI, we performed a binomial
logistical regression analysis (Table 4). Our model was statistically significant in predicting
PP-AKI (χ2 = 24.8; p = 0.02). CVP measured before the first PP (OR = 0.80, CI [0.68–0.94],
p = 0.007) and BMI (OR = 1.15, CI [1.01–1.31], p = 0.03) were independently associated with
the development of PP-AKI.

3.5. Predictors with Mortality and VFDs

We performed a multivariable linear regression analysis with VFDs as the dependent
variable. The model was significant (p = 0.001), and the CVP before the first PP cycle
showed a correlation with the number of VFDs (OR = 0.27, CI [0.12–0.93], p = 0.01). On the
contrary, a higher number of days of ICU stay before first PP, a higher number of PP cycles,
and the presence of previous CKD were all negatively correlated with the number of VFDs.

A higher BMI showed a borderline significant contribution, according to the model
(OR = −0.19, CI [−0.59–0.037], p = 0.08). Furthermore, binomial logistical regression, with
ICU mortality as dependent variable, was performed and showed that an independent
correlation between a lower value of CVP before the first PP cycle and ICU mortality
(OR = 0.83, CI [0.69–0.98], p = 0.004) (χ2 = 36.6; p < 0.001)). A higher number of days in the
ICU before the first PP cycle (OR = 1.00, CI [1.00–1.00], p = 0.003) and a higher number of
PP cycles correlated (OR = 2.82, CI [1.41–5.62], p = 0.003) with mortality.
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Table 4. Logistic multivariable regression analysis on AKI predictors before the first prone position-
ing cycle.

Variable OR 95% CI for OR p-Value

Age (in years) 0.951 0.879 1.029 0.214
BMI 1.153 1.013 1.313 0.031

Creatinine before PP 3.346 0.846 13.234 0.085
CVP before PP 0.803 0.684 0.942 0.007

CFB/kg before PP 0.975 0.948 1.003 0.080
SAPS before PP 1.028 0.927 1.140 0.603

Maximal PEEP during PP 0.923 0.777 1.096 0.360
Maximum serum lactate during PP 1.128 0.611 2.084 0.699

Previous story of CKD 0.233 0.008 6.754 0.396
Cycle duration (hours) 0.975 0.934 1.017 0.241

CFB after 48 h from supine positioning 1.000 1.000 1.001 0.032
Days in ICU before 1st PP cycle 1.000 1.000 1.000 0.179

Days in hospital before ICU 1.000 1.000 1.000 0.368
Constant 1.617 0.887

Data refer to the first pronation cycle for all patients. BMI = body mass index; CFB = cumulative fluid balance;
SAPS = Simplified Acute Physiology Score; PP = prone positioning; PEEP = positive end-expiratory pressure;
CKD = chronic kidney disease; ICU = intensive care unit.

4. Discussion

We found that more than half of patients undergoing their first prone positioning
cycle for severe COVID-19 ARDS developed AKI during or immediately after the prone
positioning cycle. Indirect signs of hypovolemia, such as lower central venous pressure,
cumulative fluid balance, and BMI, were significantly associated with the diagnosis of AKI
related to prone positioning.

Acute kidney injury is common in patients affected by COVID-19 [4], and its patho-
physiology is multifactorial. Similarly to sepsis-related kidney injury, regional and systemic
inflammation can contribute to vascular and hemodynamic alterations, leading to organ
damage [2]. Moreover, in patients with C-ARDS, hypoxia and right-sided heart dysfunction
may further exacerbate kidney injury [2].

Prone positioning can potentially increase the risk of AKI by increasing the intra-
abdominal pressure (IAP) [16]. The link between increased IAP and AKI has been already
explored in patients with intra-abdominal hypertension, showing an increased risk for
AKI [25,26]. It is also known that PP increases in IAP may compromise abdominal organ
perfusion, potentially damaging kidney function by reducing the renal fraction of cardiac
output and increasing renal vascular resistances [16,17].

Prone positioning showed great applicability in the recent COVID-19 pandemic, but
there are no data on its temporal association with the diagnosis of AKI. In our study, we
found that these patients have a high incidence of AKI diagnosis (more than half of patients
receiving diagnosis) during the first PP cycle. Moreover, we found that indirect indexes of
hypovolemia, such as low CVP and lower cumulative fluid balance, increased the risk of
PP-AKI independently.

The central venous pressure is a relatively simple index that is obtainable at bedside
and has a good correlation with preload and volume status [27,28]. Abdominal organ
perfusion, including the kidneys, may be affected by variations in CVP. Indeed, kidney
perfusion is physiologically driven by the difference between renal arterial and venous
pressure; a rise in the latter may depend on CVP elevation, thus reducing net kidney
perfusion [29]. Excessive levels of CVP can endanger critically ill patients, as large datasets
suggest [30,31]. On the other hand, very low values of CVP suggest a low-volume state
and possibly a good tolerance to fluid administration [32]. Optimizing volume status
and cardiac output may thus improve organ perfusion and provide a protective strategy
against kidney damage [2]. In fact, fluid restriction and diuretic drugs are widely used
in acute lung injury management, including C-ARDS to prevent further deterioration in
lung function [33,34]. Indeed, hypovolemia was a frequent finding in our retrospective
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cohort, and patients who developed PP-AKI had a significantly lower weight-normalized
cumulative fluid balance and a lower CVP before starting their first PP cycle. The novelty of
our findings lies in the potential that lower CVP is a predictor of AKI. Indeed, as higher CVP
is already known to be associated with kidney damage [29,31], lower values suggest that
hypovolemia may play a key role in exacerbating AKI in the context of prone positioning,
along with other pathological pathways.

We found that also BMI independently increased the risk of PP-AKI. This confirms
what has previously been found in the overall critically ill population, independent from
PP [17]. However, in the clinical scenario of prone positioning, BMI may exert an influence
on intra-abdominal pressure by further reducing abdominal compliance and more markedly
increasing IAP when prone [25].

Based on the good performance of the single variables (i.e., CVP and BMI) in the
multivariable analysis and according to our physiological interpretation of the results (i.e.,
a higher impact of PP, as well as IAP elevation, in hypovolemic obese patients), we decided
to combine the two predictors into one variable. Thus, we integrated both CVP and BMI
into a new index, calculated as BMI/CVP (Figure 3). We found that this index was able to
provide a prediction of patients who were going to experience AKI after their first prone
positioning cycle with moderate accuracy by integrating the effect of hypovolemia on
kidney perfusion and that of BMI on IAP. This should be considered exploratory since it
was not a predefined end-point of the study.
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Figure 3. (a) Comparative test for BMI/CVP ratio (kg/m2/mmHg) between patients who developed
AKI associated with the first PP cycle. Data are the results of non-parametric Mann–Whitney U tests
for the respective groups. Box: 25-75 percentile; whiskers: 10-90 percentile. (b) ROC curve analysis
for PP-AKI related to the first PP cycle. The variables tested include the following: CVP before the
first PP cycle (dashed green line; p = 0.16); BMI at baseline (light blue line; p = 0.04); BMI/CVP ratio
(red line; p = 0.02).

Prone positioning has extensively demonstrated a survival benefit in moderate–severe
ARDS patients [5–9], despite the possible effect on intrabdominal pressure. In our study,
we did not test if PP can increase the risk of AKI, as this is out of the scope of the current
study. Moreover, our findings do not aim to reduce the clinical importance of prone
positioning but to underline that the incidence of AKI diagnosed during PP in severe
COVID-19 patients is high (>50%), especially when performing prolonged PP, and that
clinical variables measured before PP may predict this event. Whether the correction of
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these factors (i.e., hypovolemia) may reduce the occurrence of PP-AKI must be explored in
future studies.

To date, our study is the first to investigate the occurrence of AKI in patients undergo-
ing prolonged prone positioning. Previous studies have suggested that PP may represent a
trigger for the elevation of IAP [16,35] and impaired venous return and kidney function, es-
pecially when hemodynamic stability and volume status are already compromised [35,36].
Moreover, a recent letter published by Wintjens and colleagues [37] shows interesting data
regarding transient decreases in glomerular filtration in ARDS patients undergoing prone
positioning, along with an increase in serum creatinine that subsides a few days after
returning to the supine position. These preliminary results may confirm our findings and
the hypothesis that volume depletion and lower kidney perfusion may be mechanisms of
AKI that prone positioning may intensify over time.

Nevertheless, this study has several limitations. First, this study primarily consisted
of a retrospective analysis on a limited sample, and biases related to this kind of study
may apply. Moreover, the predictive value of indexes such as CVP and BMI on AKI
development was referred to the first PP cycle. Evaluation of the first PP cycle may actually
be representative of the pathophysiological changes during prone positioning, as the
first PP cycle has also been shown to be independently related to ICU survival and the
duration of mechanical ventilation [38]. Another important limitation exists regarding the
choice to study a cohort of patients affected by COVID-19 severe ARDS. The pandemic
has indeed offered a chance to study the physiologic changes during prolonged prone
positioning. However, for this study, we did not evaluate the impact of COVID-19 on
the observed phenomena. Further studies involving moderate–severe ARDS patients
undergoing prolonged prone positioning should be carried to verify if the etiology of ARDS
may impact the occurrence of AKI.

Furthermore, data on IAP both during supine and prone positioning and advanced
hemodynamic monitoring data were not available for this retrospective study. This is
mainly due to the limited resources available in our ICU during the COVID-19 pandemic,
as well as the relative hemodynamic stability of our cohort of patients and therefore for
the absence of indications for advanced hemodynamic monitoring. The same reasons
apply to the absence of thoraco-pelvic supports in obese patients, meaning that an inves-
tigation of the effect of abdominal supports on CVP and AKI was not possible. Larger
prospective studies are required to further explore the relation between prone positioning,
intra-abdominal pressure, volume status, and AKI onset in patients undergoing prolonged
PP cycles during ARDS of any origin. Finally, we did not record the vaccination status
and/or status of our patients and therefore cannot make any conclusions about its possible
effect on the outcome of the current investigation.

5. Conclusions

Acute kidney injury is common in COVID-19 ARDS patients undergoing their first
prone positioning cycle. High BMI and low CVP were independently associated with the
occurrence of AKI during prone positioning, indicating the possible influencing role of
hypovolemia and intra-abdominal pressure on its pathogenesis.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/healthcare11212903/s1, Table S1: Multivariable regression analysis
on predictors of ventilator-free days (VFDs), censored at 28 days; Table S2: Logistic regression analysis
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