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Abstract
Objectives: Urine output is used to evaluate fluid status and is an important marker for acute kidney injury (AKI). Our 
primary aim was to validate a new automatic urine output monitoring device by comparison to the current practice – the 
standard urometer. Methods: We conducted a prospective observational study in three ICUs. Urine flow measurements 
by Serenno Medical Automatic urine output measuring device (Serenno Medical, Yokneam, Israel) were compared to 
standard urometer readings taken automatically at 5-minutes intervals by a camera, and to hourly urometer readings by 
the nurses, both over 1 to 7 days. Our primary outcome was the difference between urine flow assessed by the Serenno 
device and reference camera-derived measurements (Camera). Our secondary outcome was the difference between urine 
flow assessed by the Serenno device and hourly nursing assessments (Nurse), and detection of oliguria. Results: Thirty-
seven patients completed the study, with 1,306 h of recording and a median of 25 measurement hours per patient. Bland 
and Altman analysis comparing the study device to camera measurements demonstrated good agreement, with a bias of 
-0.4 ml/h and 95% confidence intervals ranging from − 28 to 27ml/h. Concordance was 92%. The correlation between 
Camera and hourly nursing assessment of urine output was distinctly worse with a bias of 7.2 ml and limits of agree-
ment extending from − 75 to + 107 ml. Severe oliguria (urine output < 0.3 ml/kg/h) lasting 2 h or more was common and 
observed in 8 (21%) of patients. Among the severe oliguric events lasting more than 3 consecutive hours, 6 (41%) were 
not detected or documented by the nursing staff. There were no device-related complications. Conclusion: The Serenno 
Medical Automatic urine output measuring device required minimal supervision, little ICU nursing staff attention, and 
is sufficiently accurate and precise. In addition to providing continuous assessments of urine output, it was considerably 
more accurate than hourly nursing assessments.
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1  Introduction

Acute kidney injury (AKI) is common in critically ill 
patients and associated with prolonged hospitalization, 
morbidity, mortality, and increased cost of care [1–3]. 
Most consensus definitions consider both urine output and 
serum creatinine concentration for diagnosis of AKI [2, 4, 
5] because together they better characterize kidney func-
tion [6]. Oliguria, defined as urine output < 0.5 ml/kg/h, is 
an even stronger predictor of AKI than serum creatinine [6].

Most vital characteristics are precisely measured and 
accurately electronically recorded in intensive care units 
(ICUs). Urine output differs in being mostly recorded manu-
ally and intermittently which can lead to recording errors 
and delayed diagnosis of AKI. Consistent with this theory, 
intensive monitoring of urine output is associated with 
improved patient outcomes [7]. Several systems for con-
tinuously monitoring urine output are sensitive and accurate 
[8].

A novel device for continuously monitoring and electron-
ically recording urine output has recently been developed 
by Serenno Medical (Yokneam, Israel). The study device is 

intended to continuously measure urine flow and rate over 
long periods in patients who have a urinary bladder (Foley) 
catheter. The study device includes a control box (sensing 
system) located near a patient bed, and a disposable unit 
connected between the existing catheter and the urine col-
lection bag. The disposable unit is connected to the control 
box with triple-lumen tubing, and a fourth tube directs urine 
from the catheter to a collection bag (Fig. 1).

Our goal was to test the Serenno study device in critical 
care patients with indwelling bladder catheters. Primarily, 
we compared the study device with urine output recorded by 
a camera observing the urometer at 5-minute intervals over 
1-7-day periods. Secondarily, urine output from the study 
device and camera values were compared with urine output 
as assessed by nurses, nominally at 1-hour intervals. And 
finally, we determined whether the study device detects oli-
guria more often and earlier than nurses.

Fig. 1  System layout. The dispos-
able unit (D) is operated by the 
controller (A) and connected 
with an air tube (B) and also 
connected in-line (E) with the 
standard urine output monitoring 
equipment, the catheter (C) and 
urometer (G). The urometer and 
camera (F) were stand-mounted 
(H) for monitoring by both by the 
nurses and the camera. The urom-
eter tube (E) is positioned in a 
way that reduces dependent loops
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2  Materials and methods

Patients were enrolled at two cardiothoracic and one general 
critical care units in the Rabin and Sheba Medical Centers. 
The study protocol was approved by the local ethics com-
mittees at each site (0860-18-RMC, 5839-19-SMC) and 
the study was performed in accordance with Good Clini-
cal Practice and applicable regulatory requirements. The 
study was observational and experimental results were not 
available to clinicians. The study therefore did not influence 
clinical care. Written informed consent was obtained from 
each patient or an authorized relative before inclusion.

We considered adult critical care patients who already 
had an indwelling urinary catheter connected to a urometer 
that was expected to remain in place for at least 12 h. Test-
ing the device in the ICU was chosen to ensure the clos-
est patient supervision and care – better nurse attendance 
allowing more data from nurses’ measurements, as well as 
provide a wide range of clinical and operational challenges 
for the study device. Since the only function of the study 
device is volume measurement, the clinical history of the 
patient was not a factor on enrollment and patients who 
gave consent were included in the study.

As a precaution, we excluded patients who had known 
urologic pathology including nephrolithiasis, polycystic 
kidney disease, congenital abnormalities of the kidneys and/
or urinary tract, history of obstructive uropathy, and severe 
chronic renal disease. We also excluded pregnant women 
and patients with cognitive impairment that precluded 
informed consent.

2.1  The Serenno system (study device)

The Serenno Medical Automatic urine output measuring 
device consists of an electronic controller operating a pneu-
matic pressure-sensing disposable unit that moves urine 
from an input port connected to the bladder catheter to the 
output port which is connected to the bag/urometer.

The system operates in repeated strokes, with each com-
pleted stroke passing exactly 1 ml of fluid (allowing UO 
calculation). Since the volume of each stroke is known and 
constant, and the monitoring process is counting and timing 
the strokes, both the current urine production rate, as well as 
cumulative urine volume over any period can be calculated.

The system is programmed to only complete the 1-ml 
stroke when incoming fluid volume from the patient com-
pletely fills the 1-ml chamber (observed by the controller as 
air pressure in the control channel). This will happen under 
any condition, including different patient orientations, urine 
properties, sediments, elevation, etc., as long as the fluid 
volume in the bladder is larger than 1 ml.

If this condition is not met, the system pauses and will 
not complete the stroke. As more urine is produced and 
accumulates in the bladder, its volume would eventually 
be sufficient, and the stroke would resolve within seconds 
or minutes. The more urine produced - the less the system 
pauses.

Since the system measures pressures at both input and 
output ports of the pump, it can detect blocked catheters, 
full urine collection bags, kinked tubes and connection 
leaks, the control box can be positioned at eye level (not on 
the floor). The controller is fail-safe and reverts to a free-
flow pass-through mode when dysfunction is detected, even 
without power.

2.2  Measurements

We recorded baseline patient demographic and morphomet-
ric details, along with admitting diagnosis and acute physi-
ology and chronic health evaluation (APACHE) 2 scores. 
Patients were evaluated for up to 7 days so long as they 
remained in intensive care and required a Foley catheter for 
clinical reasons.

Study personnel were periodically present to change the 
controllers’ batteries and adjust tubing to remove kinks and 
dependent loops that would affect the nurses’ and camera 
reading (but do not affect the study device). Study person-
nel also reported to the medical staff when the urometer bag 
was full. Per clinical routine, nurses were to assess urine 
output at hourly intervals. We assumed that nurses made 
assessments when they emptied the urometer and recorded 
those times.

A camera was positioned to capture images of the stan-
dard urometer at 5-minute intervals. Images were later ana-
lyzed by 2 independent observers who were blinded to both 
Serenno device and nursing assessments. When observer 
assessment differed by more than 5 ml, a third observer 
adjudicated. Observer assessments of volume in the images 
never differed more than 10 ml. Adjudicated visually 
recorded volumes from the urometer bag were considered 
reference values.

The standard tube connecting the urine bag to the study 
device has a volume of 50ml when full. Despite investigator 
efforts, some urine accumulated in the tube when it was not 
perfectly sloped and then released into the urometer when 
the nurse emptied it on the next hourly reading, urometer 
readings may theoretically lag true urine output by up to 50 
ml. Since the study device takes a UO reading at the cath-
eter port (before the tube), Serenno reading can be up to 50 
ml higher than the urometer (measured by both the camera 
and nurse) when urine accumulates in the tube. Conversely, 
Serenno readings can be lower when urine accumulated 
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compared descriptively. We also evaluated urine output reli-
ability by comparing camera-derived reading time and vol-
ume vs. nurse-recorded values.

Normally distributed data are presented as means and 
standard deviations (SD). Non-parametric data are pre-
sented as medians and interquartile ranges (IQR). The sta-
tistical analysis involved the 2-tailed unpaired Student’s 
t-test for continuous parameters. Categorical variables were 
compared with Chi square tests. P-values < 0.05 were con-
sidered statistically significant. Statistical analyses were 
performed with SPSS software 26.

3  Results

Patients were enrolled between May and October 2019. We 
a priori planned to enroll at least 30 patients in the study, 
with up to 90 patients being allowed to better support sec-
ondary outcomes. After enrollment of 48 patients, of whom 
37 completed measurements, the study ended late 2019 
because Covid-19 concerns precluded further research at 
both study centers. Eleven patients were excluded from the 
final analysis, mainly because they didn’t reach the minimal 
monitoring time required or withdrew consent. The Serenno 
device required minimal nursing supervision and there were 
no device-related complications.

Thirty-seven patients therefore completed the study, with 
a total of 1,306 h of recording with a median of 25 measure-
ment hours per patient (range 14–169 h). Patients averaged 
58 ± 16 years and 73% were men. The average height was 
170 (153–185) cm, and the average weight was 84 (52–135) 
kg. The body mass index average (± SD) was 29 ± 5 kg/m2. 
There were 16 trauma patients who had an average APACHE 
II score of 21 ± 8; the remaining 21 patients were recovering 
from cardiothoracic surgery.

Our statistical analysis plan was based on non-Inferiority 
between the mean absolute delta of Device-Camera read-
ings and the mean absolute delta of Nurse-Camera readings. 
This target was clearly reached as is demonstrated in Figs. 2 
and 3.

There was a strong correlation between Camera and 
Serenno urine output assessments: Serenno = 1.0 X Camera, 
R2 = 0.92. Bias was − 0.4 ml, and the limits of agreement 
extended from − 28 to + 27 ml (Figs. 2a and 3a). The corre-
lation between Camera and Nurse urine output assessments 
was distinctly worse: Nurse = 1.2 X Camera, R2 = 0.65. Bias 
was 7.2 ml, with limits of agreement extending from − 107 
to + 122 ml (Figs. 2b and 3b).

The Serenno device performed more than 120,000 auto-
mated urine output rate determinations with an error stan-
dard deviation of 18 ml/hour. In contrast, nurses performed 
fewer than 1,000 UO rate assessments with an error standard 

in the tubing is emptied into the urometer long after being 
recorded by the Serenno system.

Urine output of less than 0.5 ml/kg/hr for at least 20 min 
defined an oliguria event, but we also considered urine 
output < 0.3 ml/kg/hr for at least 20  min as severe oligu-
ria event. Both event types were assessed over sequential 
5-minute intervals. We also categorized events by groups 
as lasting < 1 h, 1-2 h, or 2-4 hs and by those observed and 
not observed by the nursing staff (according to EMR data). 
Nursing assessments of oliguria were based on urine flow 
rates over each nominal hourly assessment.

As a measure of device reliability, we recorded the num-
ber and nature of mechanical and electronic malfunctions 
reported by study staff. We also examined device electronic 
logs to identify other potential problems and queried nurses 
who cared for patients enrolled in the study. The urometer 
and camera were required for study purposes but would not 
be used during routine care using the study device.

2.3  Statistical analysis

Our primary target was a priori defined in the Statistical 
Analysis Plan as non-Inferiority between the mean absolute 
delta of Device-Camera readings and the mean absolute 
delta of Nurse-Camera readings, meaning that the absolute 
delta of Device-Camera readings should be smaller than the 
mean absolute delta of Nurse-Camera readings. Specifically, 
we compared Serenno Medical Automatic urine output 
assessments (Serenno) with adjudicated camera images-
derived urometer volumes (Camera). Urine volumes from 
the study device were compared with camera assessments 
at 5-minute intervals.

We initially used Pearson correlation and linear regres-
sion analysis to confirm a generally linear relationship. 
Thereafter, we estimated bias, precision, and limits of agree-
ment with a repeated-measures Bland-Altman analysis. 
From that analysis, we determined the modified percentage 
error (PE) which was defined as the standard deviation of 
the bias divided by mean urine output.

Post-hoc analyses included various calculations to help 
better understand differences between the device and the 
nurses’ urine output assessments. For example, we com-
pared reference camera-derived urine output (Camera) to 
volume assessments obtained by nurses (Nurse) at roughly 
1-hour intervals. Our analytic approach was similar to that 
used for the primary comparison between Serenno measure-
ments and the camera urometer images.

We also compared the number of oliguric (urine out-
put < 0.5 ml/kg/h) and severe oliguric (urine output < 0.3 ml/
kg/h) events detected by nurses and by the study device with 
chi square statistics. Elapsed time between identification of 
oliguric events by the study device and by nurses were also 
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recording, as well as per patient and cumulative urine output 
errors.

4  Discussion

Our major finding is that the Serenno device continuously 
measured urine flow with error standard deviation of 18 
ml/hour and required little staff attention. Measurement 
bias was close to zero, and the limits of agreement were 
reasonably low at about ± 28 ml. These results compare 
favorably against the nursing staff manual measurements 
as well as other automatic urine output measuring devices 
such as the Clarity RMS (RenalSense, Jerusalem, Israel) 
with a reported error standard deviation of 34 ml/hour [8] 
or the NephroLog, (Fize Research Ltd) with a reported error 
standard deviation of ≈ 35 ml/hour [9]. While the Serenno 
LOA is apparently insufficiently accurate to declare oliguria 
based on a single hour’s reading, it remains an early alarm 
of suspected oliguric event in progress which can be either 
confirmed or rejected in subsequent hours.

Automated urine output assessments were far more reli-
able than nursing assessments which had range of limits of 
agreement exceeding 200 ml. Furthermore, 32% of the nurs-
ing urine output assessments were not performed near the 
designated times, and 33% were completely missed, likely 
because the nurses were occupied with higher-priority tasks.

Acute kidney injury is common in critical care cardiac 
surgery patients, with about 20% developing Stage 1 injury 

deviation of 46 ml/hour. Nursing urine output measure-
ments were to be performed hourly per routine in participat-
ing critical care units. In fact, assessments were performed 
within 10  min of the hour in only 34% of the monitored 
hours, and 33% of the assessments were completely missing 
(urometer was not emptied for that hour).

Within the study duration, severe oliguria (urine out-
put < 0.3 ml/kg/h) lasting 2  h or more was common and 
observed in 8 (21%) of the patients. Among the severe oli-
guric events lasting more than 3 consecutive hours, 6 (41%) 
were not detected or documented by the nursing staff. Simi-
larly, 18 (53%) for events lasting 1 to 3  h and 69 (79%) 
of events lasting an hour or less (but at least 20 min) were 
missed by the nurse’s measurements (Fig. 4). Events lasting 
20 or 40 min are, by definition, unlikely to be detected by 
the nursing observations, as these observations occur gener-
ally on an hourly basis. Even 1-hour long events may go 
unnoticed when these don’t align with the hourly visits and 
average out with higher rates of urine flow before or after 
the event.

When oliguric events were detected by both nurses and 
the Serenno device, they were recognized earlier by the 
Serenno device. Specifically, severe oliguric events of < 0.3 
ml/kg/h were detected 1.0 (95% CI 0.4–1.6) hour earlier, 
while oliguric events of < 0.5 ml/kg/h were detected 1.7 
(95% CI 1.0-2.3) hours earlier (Fig. 5).

For a more detailed view of the device performance see 
Supplemental Figs. 1 and 2) showing a typical week-long 

Fig. 2  Regression plots comparing hourly urine output readings of Serenno and Nurse with reference Camera readings
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Fig. 3  Repeat measurement Bland and Altman analysis comparing Serenno (top chart) and Nurse (Bottom chart) with reference camera urine-
output readings. Each symbol represents a different patient. Dashed lines are 95% confidence intervals
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Fig. 5  Comparison of detection sensitivity of oliguric and severe oli-
guric events and their duration. Gray indicates oliguric events, and red 
indicates severe oliguric events. Oliguric events were observed in 34 

patients. There were a total of 115 oliguric events detected by cam-
era and 32 detected by nurses. The total duration of oliguric events 
detected by the camera was 199 h versus only 37 h detected by nurses

 

Fig. 4  Comparison of undetected and detected severe oliguric events (< 0.3 ml/Kg/h for > 20 min), by length of event and timing of detection. 
Numbers are actual number of oliguric events of a total of 115 events
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An important limitation of our study is that it was stopped 
shortly after meeting minimum enrollment. Although three 
critical care units participated, all patients were admitted for 
trauma or after cardiothoracic surgery. Our population thus 
poorly represents the range of critical care patients even in 
Israel, much less in other countries and settings. But that 
said, measurement of urine output is fairly technical, and it 
seems unlikely that measurement accuracy depends much 
on patient factors. We also lack long-term follow-up and 
thus are unable to evaluate the long-term consequences 
of oliguric periods, and what duration might be clinically 
meaningful. Furthermore, a much larger study would be 
required to evaluate consequences of oliguria. And finally, 
our study was purely observational. We therefore cannot 
comment on whether early intervention for oliguria might 
reduce the risk of acute kidney injury, much less prevent 
more serious outcomes.

In summary, in this first-in-human validation study, 
the Serenno continuous urine output measurement device 
automatically and accurately assessed urine output in criti-
cal care patients. It identified even brief periods of oliguria 
which might allow interventions to reduce the risk of acute 
kidney injury. Much additional will be required to determine 
what severity and duration of oliguria is clinically meaning-
ful, much less whether it is possible to intervene and prevent 
acute and chronic kidney injury.
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and > 60% developing Stage 2–3 injury in some studies 
[10]. Among patients who develop Stage 2–3 renal injury, 
the injury will prove permanent in about 12% of patients 
[10]. Even in perioperative patients, who are not usually 
especially sick, a quarter or more of acute kidney injury of 
any stage appears to be permanent [11]. As might thus be 
expected, renal injury is a strong predictor of mortality in 
critically ill patients [12].

The main criteria used for the diagnosis of acute kidney 
injury (AKI) are reduced urine output (UO) and increased 
serum creatinine [1–3, 13]. Both markers suffer from sig-
nificant limitations [4] that can delay diagnosis of functional 
impairment in kidney function for hours to days compared 
to more sensitive biomarkers of renal injury [2, 14].

Increased serum creatinine occurs relatively late in the 
course of AKI, often manifesting 24–48 h after the insult. 
Furthermore, creatinine is usually measured only once 
daily, even in critically ill patients. These limitations make 
creatinine a poor tool for the early detection of AKI [15–17]. 
Using only serum creatinine for the detection of AKI misses 
more than a third of cases that would have been diagnosed 
when also considering oliguria [18]. Consequently, urine 
output is an important component of AKI identification. For 
example, including oliguria defined by urine output of less 
than 0.5 mL/kg.hr or severe oliguria defined by less than 0.3 
mL/kg.hr in the definition, leads to earlier and more frequent 
detection of AKI in critically ill patients [7, 12, 19, 20].

Urine output in most ICU’s is still recorded manually 
and intermittently. The practice leads to missing, delayed, 
or inaccurate assessments and adds to the workload on the 
stuff. Intensive monitoring of urine output leads to earlier 
diagnosis of AKI and better outcomes and is an early predic-
tor of mortality in critically ill patients [12, 21]. In the last 
decade, various devices capable of monitoring urine output 
continuously have been developed [8, 22–24]. In a recent 
study, for example, an automated urine output device per-
formed considerably better than manual methods. The auto-
mated device recognized oliguric event earlier, including 
many that were completely missed by the manual record-
ings [8].

Our study demonstrates that the Serenno device identi-
fies oliguria and severe oliguria events earlier than nurses 
and recognized many oliguric events that were completely 
missed by the nursing stuff. While it remains unclear what 
degree and duration of oliguria is meaningful with respect 
to AKI diagnosis and long-term prognosis, the ability to rec-
ognize oliguric events earlier might well facilitate imple-
mentation of preventive measures such as the maintenance 
of adequate hemodynamics, optimization of fluid resuscita-
tion, and reduced use of nephrotoxic agents - each of which 
might limit the severity of AKI and its complications.
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