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Abstract

Background

Recirculation during veno-venous extracorporeal membrane oxygenation (VV ECMO) is an
important phenomenon which limits the efficiency of support. Femoro-jugular (FJ)
cannulation may be associated with lower recirculation than femoro-femoral (FF)
configurations. Local practice is to routinely overlap cannula in the FJ configuration; this

approach remains poorly described and its impact on recirculation is not understood.

Methods

The saturations-based formula was used to assess recirculation fraction amongst 24 patients
receiving VV ECMO between July 2018 and March 2025 in this single centre retrospective
study. All received VV ECMO via a multistage drainage cannula, and single stage return.
Factors considered relevant to recirculation were also collected at the time of a recirculation
assessment, and cannula separation was obtained from chest Xray imaging. Recirculation was
compared between configurations, with further analysis where an overlap of cannula was
present. Univariate and multivariate regression was performed to evaluate influence on

recirculation and clinical outcomes.

Results

Demography was similar between configurations, with the majority of VV ECMO indications
being ARDS secondary to bacterial pneumonia. Patients in whom recirculation was
assessable were similar to those excluded. Recirculation was non significantly lower amongst
patients with FJ cannulation and lacked clear relationship to extracorporeal blood flow and
drainage tip position. There were no significant differences in clinical outcomes between

cannula configurations, however numerically higher rates of tracheostomy and awake ECMO



were observed for FJ cannulations. Older age and higher vasoactive burden were associated

with length of stay and survival.

Conclusion

There are a dearth of studies investigating recirculation in patients with deliberate overlap of
femoral and jugular cannula, particularly in the context of large calibre multistage drainage
devices. Prospective study is necessary to systematically evaluate the influence of this
practice on VV ECMO efficiency, ideally using advanced recirculation measurements and

contemporaneous cardiac output monitoring.



Introduction
Veno venous extracorporeal membrane oxygenation (VV ECMO) is indicated in the
management of severe acute hypoxaemic and hypercapnic respiratory failure and is

associated with survival benefit.(1)

Some of that benefit is likely derived from reductions in mechanical power delivery to the
native lung facilitate by extracorporeal gas exchange .(2-5). However, ultraprotective ‘rest’
ventilation settings may worsen atelectasis,(6, 7) while supraphysiological pulmonary arterial
oxygen saturation may impair hypoxic pulmonary vasoconstriction,(8, 9) exacerbating native
lung shunt. Thus, high ECMO dependency is often incurred in the early post-implantation

phase.(10)

The arterialised effluent exiting the ECMO membrane contains significantly elevated bound
and solubilised oxygen,(11) however the portion that is delivered to the patient is influenced
by recirculation. Recirculation describes the portion of return from the membrane oxygenator
being entrained directly into the ECMO drainage cannula, rather than entering the systemic

venous circulation.(12) (Figure 1)

Increased recirculation may necessitate the imposition of therapies such as sedation,
neuromuscular blockade, and fluid administration to achieve adequate oxygen delivery.(13)
Persisting hypoxaemia due to recirculation may even require manipulation of cannula
positioning, risking infective complications and accidental decannulation,(14) or additional
cannula to facilitate high flow configurations.(15) Increasing extracorporeal blood flow
(ECBF) can overcome the deleterious influence of recirculation,(16) but at the cost of more

negative venous access pressures, and potentially greater blood trauma.



Recirculation is a dynamic phenomenon influenced by patient and circuit factors.(17, 18)
Dual lumen cannula anatomically separate caval drainage and reinfusion,(12) inherently
limiting recirculation, whilst multistage drainage devices are superior to single stage
drainage.(12, 19, 20) Computational fluid dynamics also suggest that within multistage
cannula, side hole design may differentially modulate shear stress and recirculation.(21)

A higher ratio of cardiac output to ECBF reduces the recirculation fraction (Rf),(22, 23)
however this risks hypoxaemia on ECMO due to admixture.(10) Intrathoracic pressure,(24)
cannula tip separation and orientation of the return blood flow in relation to drainage may
also be relevant.(25, 26) Of these, cannula positioning is a modifiable factor which clinicians

can optimise.

Figure 1a,b

Data comparing recirculation between femoro-jugular (FJ) and femoro-femoral (FF)
configurations are inconsistent, however the former may permit a larger drainage cannula to
be used.(27, 28) Consistent clinical benefit to preference one configuration over the other is

lacking, and jugular instrumentation may entail higher procedural risk.(29, 30)

At our centre, femoro-jugular cannulation is performed in the majority of VV ECMO

initiations (supplement table 1). Uniquely, we intentionally aim target overlap of the femoral

drainage and jugular return in our local practice.(Figure 2.)

Figure 2a,b



We hypothesised that FJ cannulation would be associated with favourable recirculation and
drainage haemodynamics compared to FF cannulation. Furthermore, we wished to describe
recirculation characteristics in patients with this rarely reported overlap of drainage and

return cannulas.

Materials and Methods

This retrospective monocentric study was conducted in accordance with the principles stated
in the Declaration of Helsinki. The study protocol (X25-0188) was approved by the local
ethics committee (2025/ETHO01463), and the requirement for informed consent to participate
in this study was waived due to its observational and retrospective nature. Recirculation was

measured according to the saturation based equation described previously.(17, 18)

Rf(%) = (SpreO2 — SVO2)/(SpostO2 — SvO2) x100 (17)

Pre; pre membrane, post; post membrane

Rf% = recirculation fraction (percentage)

Patient population

Eligible patients were those receiving VV ECMO via two single lumen cannulas in either
femoro-femoral (FF) or femoro-jugular (FJ) configuration, from July 2018 (programme
inception) until 1st March 2025. Patients receiving hybrid ECMO entailing an arterial return,
a high flow configuration, or dual lumen cannula at the time of a recirculation measurement

were excluded.



Recirculation Measurements

Patients managed in our intensive care unit have clinical, physiological and ECMO data
uploaded at hourly intervals to the electronic medical record (EMR) (Philips Intelli Space
Critical Care and Anaesthesia, Philips Healthcare, The Netherlands). The EMR of each
patient was reviewed to determine whether pre and post membrane blood gas analysis, and
contemporaneous SvO2 measurements were available, permitting calculation of the
recirculation fraction according to the CVL (central venous line) method and saturation
equation at least once using the equation provided above.(17) Local practice is to reserve the
femoral veins and right internal jugular for VV ECMO, and if necessary escalation to high
flow configuration, thus the left internal jugular vein is where the majority of 20cm CVLs are
placed, with the tip generally terminating in the SVC or right atrium. Daily pre and post
membrane blood gases are not mandated in our service and thus were not present for all

patients.

Simultaneous ventilator, physiological data, vasoactive inotropic scores, (31) cumulative
fluid balance and airway type were extracted. The CXR (chest X-ray) closest to the timing of
a recirculation calculation was evaluated and the cannula tip position and separation assessed
by an experienced ECMO specialist.(32) In FJ cannulations, crossover of the access and
return was denoted by a negative number (e.g. 2cm crossover equates to -2cm).

Outcome data was obtained from the EMR. Palliative decannulation with clinical

documentation to that effect was deemed ECMO non survival.

Statistical analysis
Demographic and clinical characteristics were summarized using frequencies and percentages

for categorical variables, and median (IQR) for continuous variables given the small data set



and assumption of non-normality. The Mann Whitney U test was performed to compare the
medians of categorical variables and ANOVA to compare three or more groups. Correlations
were assessed by Pearson’s coefficients, with significance set at a P value <0.05

To compare mortality outcomes, Chi squared analysis was performed using categorical data
from each group. Multivariate linear regression was applied to factors previously identified to

influence recirculation.

The primary outcome was the recirculation fraction based on configuration at the time of
assessment and by the separation distance between drainage and return cannula as measured
radiologically. We performed further analyses by various patient and ECMO related factors
including drainage cannula size, and drainage tip location.(19) Statistical analysis was
performed using Microsoft Excel with the Analysis ToolPak add-in (Microsoft Corporation,

Redmond, WA, USA).

Results

During the study period 163 patients were identified. After exclusions for misclassification of
Veno arterial ECMO, hybrid configurations (VAV ECMO), dual lumen cannula or for
insufficient data (either lack of SvO2 or pre and post membrane blood gas analysis) to make a
recirculation assessment, 24 patients remained (figure 3). Of these 17 underwent FJ, and 7 FF
cannulations. Hybrid configurations excluded were high flow VV ECMO using two drainage
cannula, and VAV (Veno arteriovenous) ECMO. In the former, there are two drainage
cannula sharing the total ECBF, and no single cannula separation to report. In the latter total
circuit flow is diverted between an arterial and venous return; the arterial oxygen saturations
and SvO2 are variably influenced by the arterial return and by the phenomenon of differential

oxygenation which would affect recirculation assessments in the V'V portion of the circuit.



Of the 106 VV ECMO patients excluded from inclusion in the primary study, 99 patients had
SvO2 monitoring available. Using a SvO2>75% and hypoxaemia defined as SpO2<88% we
undertook to describe the demography, outcomes, recirculation incidence and rates of

recirculation related hypoxaemia in these patients described in supplementary table 1.

Figure 3. Patient selection

VA/VAV; Veno arterial/Veno arteriovenous, EMR; electronic medical record, ECMO;
extracorporeal membrane oxygenation, FF; femorofemoral, FJ; femorojugular

Table 1

Demography of the 24 patients in the main study are summarised in table 1. There were no

significant differences in patient age, sex, height, BMI, or ECMO indication between

configurations. Overall, ARDS secondary to bacterial pneumonia was the most common

aetiology, and COVID-19 was diagnosed in 20% (FJ) and 28.6% (FF) of patients respectively

(ns). Most patients were ventilated via an oral endotracheal tube during ECMO, with the

majority receiving a pressure control mode (PCAC, and PC SIMV); 50% of patients in the FJ

group and 34.9% of the FF group (ns) were tracheostomised at the time of recirculation

assessment.

Awake ECMO (extubation before decannulation) was provided in one third of patients in the

FJ group, and 14.3% in the FF group (ns).

There were no significant differences in ventilation and respiratory parameters, VIS, nor
cumulative fluid balance; peripheral saturations were significantly lower in the FJ

cohort 93% Vs 99% (p=0.05). (table 2)

Table 2
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Recirculation fraction
The median recirculation fraction was non significantly lower in FJ compared with FF

cannulations 29.3% (8.5;48.7) Vs 41.5 (27.3;47.6) p=0.49. (figure 4)

Figure 4.

There was no difference in SvO2 between FF and FJ [56% (52;58.5) Vs 63.5% (54 -75.8),

p>0.1]. (Table 2)

ECMO Characteristics

Extracorporeal blood flow was similar (4.45 Vs 4.18 LPM, p=0.3), as were pump speed,
venous access pressure and FdO2. The effective ECMO blood flow [ECBF x (1-Rf/100)}
was non significantly higher in FJ [3.15 (2.48;3.58] Vs 2.31 (1.52;4.47) p =0.96]
cannulations. Sweep gas flow rate was higher in patients with FJ cannulation (8 Vs 6LPM

p=0.05). (Table 2)

Cannula size

Similar multistage drainage cannula were used between configurations. In FF cannulations,
21Fr long single stage return cannulas (Maquet, Getinge, Rasttat, Germany) were used
exclusively, but a range of short ‘arterial cannula’ from 19-23Fr were employed in FJ
cannulations. Both Maquet (Getinge, Rastatt, Germany) and Bio-medicus (Medtronic,
Dublin, Ireland) drainage and return cannula were used. When Rf was compared by drainage

and return cannula size, no differences emerged. (Supplement table 2)
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Cannula separation

Median cannula separation was similar between FJ and FF cannulation: 5.7 (0.4;8.7) Vs 5.5
(2.8;5.8) cm, p=0.63. Within the FJ group, significant differences emerged;

7.0 (3.9;9.0)cm Vs -2.3 (-3.2;-1.9)cm, p<0.001, and between all three groups (FJ crossed, FJ

uncrossed, FF) p<0.001 (Table 3)

Table 3

Significant correlation was not found between Rf and cannula separation overall.

In the FJ group, there was moderate statistically significant correlation in the uncrossed
configuration (r = 0.48, p=0.03).

A simple quadratic polynomial regression was applied for FJ cannulations, revealing a U-

shaped line of best fit with weak, non-significant correlation (12 =0.21, p=0.07).

High and low separation
Recirculation fraction was assessed above and below Scm of cannula separation using
unpaired t tests. This value was recently demonstrated to be an inflection point for

recirculation in a bench study of ECMO using the ultrasound dilution method.(22)

Recirculation was non significantly higher when FF cannula separation was less than Scm
(Supplementary figure 1). Recirculation trended to be higher when FJ cannulas were more
than Scm apart (ns). In the case of crossed cannulas, we chose to explore Rf above and below
the median overlap distance of 2.5 cm to permit more equitable subgroups (supplementary
figure 2). Mean recirculation fraction was significantly higher when the cannulas had greater

overlap; 53.0% (2.83) Vs 15.1% (17.6), p<0.01.
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These trends align with the possibility of a U-shaped relationship teased previously.

Cannula Sub-configurations
We further divided patients into 6 subgroups based upon configuration and drainage tip

position.(19) (figure 4). There were no significant differences in Rf between all 6 groups.

Figure 4

ECBF and Recirculation
Strong negative correlation between ECBF and Rf was found for FF cannulations r = -0.881,
p=0.02. No relationship was evident for FJ cannulation, nor the cohort as a whole

(r=-0.09, p=0.63).

Flow Dynamics

Flow was significantly higher however when a 29Fr drainage cannula was used instead of a
25Fr cannula; 1.50 (1.43;1.58) Vs 1.34 (1.25;1.42) Litres per 1000RPM, p<0.01

Weak positive correlation was evidenced between cannula separation and ECBF/1000RPM

r=0.3125 p<0.05

Clinical outcomes

ECMO duration, ICU LOS and hospital LOS were all non-significantly shorter in patients
who underwent FJ cannulation (table 1). There was no missing data. Survival did not differ at
any time point. One patient in the FJ cohort proceeded to organ donation on ECMO, and one
patient in the FF group was transferred to an external centre for consideration of lung

transplantation. Despite a lengthy hospital episode following transplant, this patient died. As

13



both ECMO duration and ICU LOS were influenced by the wait for organ allocation,
analyses were repeated with this outlier patient excluded. This did not significantly alter

results.

Univariate analysis

Pearson’s correlation coefficients were assessed for cumulative fluid balance (r <0.05), peak
airway pressure (r = -0.28, p=0.25), tidal volume (= -0.21, p=0.2), PEEP (r =-0.18, p=0.4),
drainage cannula size (r = -0.156, p=0.39), and return cannula size (r =0.082, p=0.65), with

no significant results elicited.

Multivariate regression

Regression was performed to evaluate recirculation fraction in models combining
configuration, cannula separation, ECBF, Pven, VIS, CFB and PEEP with no significant
results yielded. Multivariate analysis was subsequently performed for clinical outcomes
based on age, BMI, gender, configuration, Rf, VIS, cumulative fluid balance. Only age and

VIS produced significant results (table 4)

Table 4

Secondary cohort

Ninety-nine patients ineligible for the main study were analysed separately (supplementary
table 1). Their SvO2 values were transcribed from the ECMO console (Cardiohelp®,
Getinge, Rastatt, Germany). Recirculation was defined as SvO2>75%, sustained if present for

>4 hours; recirculation related hypoxaemia was defined as SpO2 <88% occurring during a
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period of high SvO2 or documented circuit intervention explicitly performed to ameliorate
recirculation.

Of the 99 patients, the majority (82.8%) underwent FJ cannulation, of which 63.3% were
uncrossed. Overall, 60% of patients were male, higher in the FJ uncrossed cohort (76.9%
uncrossed vs 40% crossed). FF patients were cannulated with a 25Fr multistage drainage
cannula, in FJ cannulations 29Fr drainage cannula predominated, and both groups received
21Fr single stage return cannula. The incidence of ‘recirculation’ was 50.5%, and sustained
high SvO2 was demonstrated in 32.3% - non different between groups. Hypoxaemia
associated with recirculation occurred in 7.1% of the 99 ECMO runs, and was sustained in
5.1%, again non different between groups. Ten patients in total underwent interventions to
manage recirculation related hypoxaemia: 9 cannula retractions, 1 upgrade to high flow VV
ECMO. Clinical outcomes did not differ between configurations, ECMO duration was 8
days, ECMO survival 70.7%, and 25.3% of patient underwent tracheostomy. Intensive care
survival was 53.5% overall. Intensive care unit survival was essentially the same as that
observed in the main study cohort. However, the 24 patients with recirculation assessments in
the main study cohort experienced longer ECMO durations, particularly for the FF group
(median 29 days), although this was not assessed for statistical significance. Overall, the
recirculation cohort of 24 patients included in the main study appear reasonably

representative of the larger VV ECMO cohort managed at our centre during the study period.

15



Discussion

Recirculation is an important and prevalent phenomenon during VV ECMO, influenced by
both ECMO circuit and patient related factors including cannula design, configuration and
cardiac output, body position, and ECBF.(17, 18) High levels of recirculation may have
implications for hypoxaemia during ECMO, and be deleterious to aspects of patient care such
as fluid balance management,(33-35) and awake ECMO.(36) Cannula geometry represents a

modifiable and important determinant of VV ECMO efficiency.

Our study failed to identify significant differences in recirculation fraction by configuration,
but this was numerically lower in FJ cannulations,(27, 37) and the values we obtained

broadly agree with those reported elsewhere.(19)

Fisser echoed a similar pattern of results in a bicentric study, and also found correlation
between Rf and cannula separation.(38) In this study the Regensberg patients received short
21Fr (38cm) femoral access cannula (implying IVC drainage), with jugular return. In contrast
the Karolinska cohort received larger 25Fr drainage via the jugular vein, advanced to sit in
the more capacious right atrium. In both centres, cannula separation was substantial, which in
conjunction with relatively low ECBF justifies the very low recirculation values yielded in

this study.(38)

In our experience the relationship between cannula separation and recirculation was not as
clear. We found greater recirculation when femoral drainage cannula were more proximate (<
Scm apart),(22) but in the FJ configuration the relationship was more complex, possibly

representing a U-shaped relationship.
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When cannula tips are distracted, the drainage inflow may align directly with the pressurised
return blood.(figure 1.) However, when the tips are adjacent this direct confrontation is
minimised. Once the cannulas overlap, there may be an increase in recirculation by
entrainment via the side holes of the multistage drainage cannula (figure 2).(26) When the
tips were adjacent rather than separated or crossed, this generally pertained to the cannula tips
both residing in the right atrium. In patients with high CO to ECBF ratios this could
preference forward flow of arterialised return through the tricuspid valve, reducing
recirculation.(23) However this may be highly dependent on individual right atrial/vena cava
haemodynamics,(39) heart rate,(23) and precise orientation of the return cannula to the
tricuspid valve.(16, 39) Given a significant proportion of inflow for multistage cannula is
achieved through the side holes, positioning of the drainage cannula is likely crucial,(12, 16)
as is the ratio of SVC to IVC blood flow.(39)

Despite our preference for overlap of ECMO cannula in the FJ configuration, this situation is

only anecdotally represented in the literature.(19, 26, 40, 41)

In one case report, dynamic assessment of recirculation using the ultrasound dilution method
was employed to optimise drainage cannula positioning, resulting in a crossed cannula
configuration.(26) Modifications to the return cannula mandrel have also been described,
such that the return jet is steered towards the tricuspid valve. This adjustment has been
associated with favourable recirculation characteristics and improvements in patient
oxygenation.(40, 41) In a computational fluid model, altering lie of the return cannula from
0° to 30° was associated with a reduction in recirculation fraction from approximately 30% to
less than 10%,(39) reinforcing the importance of return cannula orientation in relation to right

ventricular inflow.
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We found ECBEF to be strongly negatively correlated with Rf in FF cannulations, but not in
FJ cannulations, whereas a positive relationship is often reported.(23, 38) This may be due to
the influence of omitted variables, including native cardiac output. Despite higher
recirculation fractions with increased ECBF, Gehron et al found that higher ECBF was also
associated with linear increases in membrane oxygen transfer and subsequently peripheral
oxygen saturations.(23) In a bench study, the ratio of cardiac output to ECBF was negatively
correlated with Rf, and at CO/ECBF ratios >1.5, single lumen cannula sizes exerted minimal

effect on modelled recirculation.(22)

Whilst we used larger drainage and return cannulas than generally reported,(19, 38) cannula
size did not influence Rf.

Larger drainage size did however afford more blood flow for a given pump speed; in this way
larger multistage cannulas may support sufficient ECBF and avoid the need for hybrid

reconfigurations to manage hypoxaemia.(23)

Jung recently described similar Rf between FF and FJ cannulations measured using the
ultrasound dilution method.(19) The authors subdivided cannulations by drainage tip
location, failing to elicit correlation between recirculation and cannula separation, nor by
drainage tip position. The authors surmised that the influence of configuration on

recirculation may be limited when such multistage devices are implanted.(19)

We similarly failed to find differences in recirculation by drainage tip location (figure 4),
which again may relate to the size and design of our drainage cannula. One study reported
greater transition to awake ECMO and more negative fluid balance in patients with drainage

tip in the atrium as opposed to the IVC, suggesting auxiliary benefits to consider.(34)
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Significant recirculation lacks a consensus definition, but an arbitrary threshold of Rf>30-
35% has been suggested.(23). Pragmatically, any degree of recirculation that necessitates
patient or circuit intervention to ameliorate hypoxaemia should be considered relevant.
Peripheral saturations less than 90% (nadir 85%) were measured in approximately one
quarter of our cases, with one third of ventilator FiO2 set >60% (70-100%) suggesting that
recirculation may have been significant, however hypoxaemia during VV ECMO may be
multifactorial, relating to the interaction between ECBF and native CO, and native
consumption and thus cannot be attributed in retrospect solely to recirculation. However, no
patients underwent remedial cannula manipulations specifically to address recirculation

according to the EMR.

We observed a non-significant trend to higher tracheostomy (50% Vs 34.9%), and higher
rates of extubation before ECMO decannulation in the FJ cohort (33.3%Vs 14.3%). Coupled
with numerically lower cumulative fluid balance and the trend in clinical outcomes for the FJ

patients, there is compelling indication to repeat evaluation in prospective manner.

Advanced age and higher vasoactive inotropic score at the point of recirculation
measurements were the only factors associated with clinical outcomes, with greater shock

associated with longer durations of care and poorer survival.

Limitations
Whilst our study is subject to the caveats of retrospective unicentric design, the dearth of data

points and limited individual patient measurements reflects the infrequency with which
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objective recirculation assessments are made within our high-volume service. The
requirement for non-mandatory blood tests to enable recirculation assessment potentially
introduces sampling bias. It remains unknown to what extent recirculation was present, and
its ramifications in excluded patients. Severe hypoxaemia during VVECMO is rare within
our cohort, typically just 1 or 2 VV ECMO patients undergo circuit modifications such as
high flow reconfiguration per annum. Discrete assessments of recirculation based on single
timepoints during ECMO runs (median 11 days FJ and 29 days FF), may not provide
meaningful insights with respect to the degree of recirculation, nor the scope of impact on
patients and outcomes. We did not indicate where in each individual ECMO journey
recirculation was measured. Episodes of high Rf may be relevant at initiation and periods of

high ECMO dependency, but less so when approaching liberation.

The lack of significant effect in recirculation by configuration may be a result of low power,
or due to the proximity of cannulas in the femoro-jugular configuration, obviating potential
differences. In the bench study by Bukova et al, high recirculation occurred with less than
Scm separation. At this proximity recirculation was independent of factors such as cardiac

output and ECBF.(22)

Although all patients underwent initial echocardiography, acute cor pulmonale is prevalent in
ARDS patients,(42) and may have developed later, potentially impacting recirculation.(17,

43)

We were compelled to use the CVL method to assess recirculation, which although well
described, may not accurately represent mixed venous saturations in both the SVC and IVC

depending on the sampling lumen position.(12, 18) The veracity of SvO2 measurements can
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be enhanced by cessation of sweep gas,(44) and by an oxygen content based approach.(45)
However, interruption to ECMO support, even brief may be associated with significant
patient decompensation, and tolerance of SGOT may indicate readiness for liberation when

recirculation has less deleterious potential.(46)

The ultrasound dilution method has emerged as a non-invasive technique permitting repeated
recirculation measurements.(17, 19, 23, 37, 44, 47) It entails administration of a small
volume of saline to the post membrane circuit, the ensuing haemodilution alters the measured
ultrasound velocity. By comparing the areas under the curve for doppler velocities in the pre
and post membrane circuit, a ratio is produced corresponding to the degree of
recirculation.(17) The increasing utilisation of this method may provide a standardisation of
recirculation assessment, and use has been demonstrated in situations involving cannula
overlap.(26) Unfortunately, this device is not licenced locally.

Thermal and indicator dilution based methods of recirculation assessment also exist,(17) with

the added advantages of simultaneous cardiac output measurement.(48)

Our study was also not powered to evaluate haemolysis, which did not differ between
configurations.(38) Both Rotaflow® (Getinge, Rastatt, Germany) and Cardiohelp® (Getinge,
Rastatt, Germany) ECMO consoles were used at our institution, which have been shown to
have differing haemodynamic performance,(49) however data could not be analysed by
platform. Whether cannula size(39, 50) and tip positioning modulate blood trauma(38) is

similarly beyond scope.

Finally, cannula separation was assessed from plain film chest radiographs by an accredited

ECMO practitioner. The inherent limitations of this modality means that actual separation in
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3D space may be over or underestimated.(51) Fisser et al identified different strengths of
association for the relationship between cannula separation and recirculation depending on
the imaging modality from which separation was measured.(38) While our method for
measurement was internally consistent, CT imaging offers better appreciation of the
orientation of cannula to one another, cava and right atrium, and the orientation of the return

cannula with respect to the tricuspid valve.

Conclusion

There is evident need to more comprehensively measure and define clinically relevant
recirculation, and to further characterise this phenomenon in cases of cannula overlap. As
such, intentional cannula overlap in the femoro-jugular configuration cannot be

recommended currently.

Recirculation is dynamic and requires longitudinal evaluation to understand its clinical
impact on ECMO efficiency and clinical outcomes.
Future studies should include repeated measures of recirculation including during awake

ECMO and ambulation.
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Tables

Table 1
Demographics Fl(n=17) FF (n=7) P value
Age 47 (40-56) 46 (40-52) 0.52
Sex (Male) 64.7% 71.4% 0.75
Height (cm) 170 (160-178) 173 (170-176) 0.70
BMI (Kg/m2) 31.3(25.7-33.5) 24.2 (22.9-38) 0.13
Diagnosis
Bacterial 41.2% 28.6% 0.75%
Pneumonia
Viral Pneumonia | 11.8% 14.3% -
COVID 11.8% 28.6% -
Aspiration 5.9% 14.3% -
Misc 29.3% 14.3% -
Outcomes
ECMO duration 11.2 (8.3-23.1) 29.2(9.0-42.9) 0.18
(days)
ECMO survival 52.9% 55.5% 0.86
ICU LOS (days) | 26 (16-41) 58 (28-84) 0.45
ICU Survival 52.9% 44.4% 0.32
Tracheostomy on | 50% 34.9% 0.55*
ECMO
Extubated on 33.3% 14.3% 0.26
ECMO
Hospital LOS 48 (27-84) 87 (29-111) 0.45
Hospital Survival | 52.9% 33.3% 0.34
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Table 2

Femoro-Jugular Femoro-Femoral P value
Cannulation Cannulation
Cannula separation 5.7 (0.425-8.725) 5.5 (2.8-5.75) 0.63
(cm)
ECBF (L/min) 4.45 (3.92-5.50) 4.18 (3.674.76) 0.30
Pump speed (RPM) 3003 (2674-3505) 3150 (2936-3240) 0.78
Access pressure (Pven, | -57 (-80 to -44.5) -43.5 (-64.25 to -34) 0.22
mmHg)
Recirculation fraction 29.3 (8.5-48.7) 41.5 (27.3-47.6) 0.49
(%)
Effective flow (L/min){ | 3.15 (2.48-3.58) 2.31(1.52-4.47) 0.96
Sweep gas flow rate 8 (5-9) 6(2.5-7.38) 0.05
(L/min)
FdO2 (%) 100 (100-100) 100 (85-100) 0.43
Pre-membrane SO, (%) | 78 (69-83) 75(71.3-77.8) 0.38
SvO2 (%) 63.5 (54-75.8) 56 (52-58.5) 0.19
Plasma free Hb 640 (450-1090) 500 (240-990) 0.52
(mg/dL)
D-dimer (mg/L) 7.45 (2.28-19.32) 17.5 (3.93-18.72) 0.86
Hb (g/dL) 92 (78-101.5) 92(82.3-103.5) 0.32
Cumulative fluid 3531 (-255-6509) 6564 (1941-8215) 0.2
balance (mL)
Vasoactive-inotropic 4.85 (0.25-18.93) 0.75 (0-6.95) 0.2
score
Peak airway pressure 20 (23-26) 23.5(21.3-25.5) 0.76
(cmH20)
PEEP (cmH20) 12 (10-12) 10 (9-11) 0.23
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Respiratory rate (bpm) | 12 (10-15.5) 10 (10-21) 0.83
Expired tidal volume 220 (66-384) 177 (139-287) 0.91
(mL)

FiO2 (%) 60 (60-77.5) 60 (50-60) 0.11
Sa0s (%) 93 (87.8-96.3) 99 (95.3-99.8) 0.05
PaO; (mmHg) 66 (58-86) 94.5 (75.3-106.3) 0.15
PaCO, (mmHg) 43 (37.5-53.5) 42.5 (39-47.5) 0.76
PaO; FiO; ratio 101 (79-147.5) 193.5 (113-222.3) 0.16
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Table 3

FJ Crossed FJ Uncrossed | P value (FJ FF P value
groups) (ANOVA)
Cannula separation 23(-32—- | 7.0(3.9-9.0) | <0.0001 5.5(2.8- <0.00001
(cm) 1.9) 5.8)
Recirculation fraction 30.2 (6.8— 294 (11.4- 0.83 41.5(27.3- | 0.79
(%) 46.5) 46.2) 47.6)
ECBF (L/min) 432 (3.66— | 4.45 (3.62— 0.48 4.18 (3.67- | 0.50
4.89) 5.52) 4.76)
Effective flow (L/min) | 2.51 (1.91- | 3.19 (2.65— 0.52 2.31(1.52—- | 0.90
3.57) 3.57) 4.47)
Pump speed (RPM) 2975 (2660— | 3030 (2715- | 0.77 3150 0.89
3315) 3540) (2936—
3240)
Venous pressure -36.5 (-27.0— | -61.0 (-50.0—- | 0.69 -43.5 (- 0.06
(mmHg) -57.3) 80.0) 64.3—-34.0)
Pre-membrane 82 (77-84) 76 (68-80) 0.37 75 (71-78) | 0.66
saturation (%)
PEEP (cmH:0) 10 (8-14) 12 (10-12) 0.87 10 (9-11) 0.45
Respiratory rate (bpm) | 11 (10-15) 12 (10-14.5) | 0.98 10 (10-21) | 0.88
Mean airway pressure 20 (20-28) 23.5 (20-26) 0.76 23.5(21.3- | 0.81
(Paw, cmH-0) 25.5)
Expired tidal volume 231 (220~ 219 (55-401) | 0.76 177 (139— 0.95
(Vte, mL) 320) 287)
VIS 5.75 (0- 4.85 (1.75— 0.83 0.75 (0- 0.48
25.95) 13.25) 6.95)
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Cumulative fluid

balance (mL)

4716 (3302—

6249)

1796 (-488—

7096)

0.45

6564
(1941

8215)

0.17
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Table 4

Predictor Outcome Beta coefficient (SE) p-value
Age ECMO Duration —0.442 (0.217) 0.057
ICU LOS —1.044 (0.326) <0.01
Hospital LOS —1.987 (0.610) <0.01
VIS ECMO Duration ns ns
ICU LOS —0.830 (0.269) <0.01
Hospital LOS —1.666 (0.504) <0.01
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Figure 1b

Adult Echo TIS0.5 MI0.7 *°
X7-2t

14Hz i _ o M4 M4
42, Interatrial 0 " 616

septum
20 P ™
69% :
C 50 ) )

P Off -
Gen Inferior

Vena Cava

Superior
Vena Cava

CF

~48% SX §- o A '

7104Hz S e -
WF 639Hz N - o~ 5
4.4MHz N y

L
[

.n

PAT T: 37.0C
TEE T: 39.6C

Right Ventricular inflow

Figure 1b. Transoesphaeal echocardiogram: bicaval view, demonstrating return
cannula at the superior vena cava-right atrial junction* with jet of blood
oriented towards the drainage cannula (not seen) residing in the inferior vena
cava. This is a situation in which high degrees of recirculation may be seen
clinically.
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Figure 2b
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Figure 3. Patient selection
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Legends

Table 1

Patient demographics, diagnoses, and outcomes by cannulation configuration. Data are
presented as median (IQR) or percentage as appropriate. Comparisons between groups were
performed using the Mann—Whitney U test or Chi-square test (*).

BMI Body Mass Index; COVID-19 Coronavirus disease 2019; ECMO Extracorporeal
Membrane Oxygenation; FF Femoro-femoral; FJ Femoro-jugular; ICU Intensive Care Unit;
IQR Interquartile Range.

Table 2

Comparison of physiological and ECMO parameters at the time of recirculation measurement
between femoro-jugular (FJ) and femoro-femoral (FF) cannulation configurations. Values are
presented as median (interquartile range). Comparisons were made using the Mann—Whitney
U test. 1 Effective flow calculated as: ECMO blood flow x (1 — Recirculation fraction/100)
Key:

ECBF: Extracorporeal blood flow; ECMO: Extracorporeal membrane oxygenation; FdOa:
Fraction of delivered oxygen; FF: Femoro-femoral; FiO:Fraction of inspired oxygen; FJ:
Femoro-jugular; Hb: Haemoglobin; PaCO:: Arterial partial pressure of carbon dioxide; PaO::
Arterial partial pressure of oxygen; PEEP: Positive end-expiratory pressure; Pven: Access
pressure; Sa0:: Arterial oxygen saturation; SO2: Oxygen saturation; SvO2: Venous oxygen
saturation (measured on ECMO console); VIS: Vasoactive-inotropic score; RPM:
Revolutions per minute.

Table 3

Comparison of physiologic and circuit variables between femoro-jugular (FJ) ECMO patients
with crossed vs uncrossed cannulation, and femoro-femoral (FF) patients. Data are presented

as median (interquartile range). P values represent pairwise comparison between crossed and
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uncrossed FJ groups (Mann—Whitney U test), and between all three groups using one-way
ANOVA.

Key:

ECBF: Extracorporeal blood flow; FJ: Femoro-jugular; FF: Femoro-femoral; PEEP: Positive
end-expiratory pressure; RPM: Revolutions per minute.

Table 4

Multivariate linear regression analysis of age and vasoactive-inotropic score (VIS) in relation
to key clinical outcomes. Values are presented as regression coefficients (standard error),
with associated p-values. Non-significant results are denoted as ns. Models were adjusted for
body mass index (BMI), gender, cannulation configuration, recirculation fraction (Rf), and
cumulative fluid balance (CFB).

Key:

VIS: Vasoactive-inotropic score; LOS: Length of stay; ECMO: Extracorporeal membrane
oxygenation; Rf: Recirculation fraction; CFB: Cumulative fluid balance.

Abbreviations:

VIS: Vasoactive-inotropic score; LOS: Length of stay; ECMO: Extracorporeal membrane

oxygenation; Rf: Recirculation fraction; CFB: Cumulative fluid balance.

Figure 1

Plain film radiograph demonstrating a femoral multistage drainage cannula with tip in the
IVC, and a right internal jugular vein single stage return cannula with tip in the right atrium.
Notes:

Arrows illustrate flow direction and potential sites of recirculation: blue indicates drainage
flow, red indicates return flow and purple indicates recirculated blood re-entering the

drainage cannula.
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Key:

IVC: Inferior Vena Cava

Figure 2

Plain film radiograph demonstrating a femoral multistage drainage cannula with tip in the
SVC, and a right internal jugular vein single stage return cannula with tip in the right atrium.
Notes:

Overlap and direction of inflow and return annotated with arrows: blue indicates drainage
flow and red indicates return flow.

Key:

SVC, Superior Vena Cava

Figure 3

Box-and-whisker plot showing recirculation fraction (%) by cannulation configuration.
Patients are grouped by femoro-femoral (FF) and femoro-jugular (FJ) venovenous ECMO
configurations. There was no significant difference in recirculation fraction between groups.
Key:

FF — Femoro-femoral; FJ — Femoro-jugular

Figure 4

Recirculation fraction (%) stratified by access cannula tip position in femoro-femoral (FF)
and femoro-jugular (FJ) VV ECMO configurations. Tip position determined by chest X-ray
and categorised as superior vena cava (SVC), right atrium (RA), or inferior vena cava
(IVC).(19) There was no significant difference in recirculation fraction between groups.

Key:
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FF: Femoro-femoral; FJ: Femoro-jugular; NS: non significant; SVC: Superior vena cava;
RA: Right atrium; IVC: Inferior vena cava; VV ECMO: veno-venous extracorporeal

membrane oxygenation
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Supplementary Figure 1.

Box-and-whisker plot showing recirculation fraction (%) in patients with femoro-femoral
venovenous ECMO, stratified by drainage-to-return cannula tip separation on chest
radiograph. Patients are grouped by separation distance <5 cm or >5 cm as assessed by an
experienced ECMO specialist.

No significant difference in recirculation fraction was observed between groups.
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Box-and-whisker plots showing recirculation fraction (%) in femoro-jugular venovenous
ECMO patients, stratified by cannula tip separation on chest radiograph.
Top panel: Patients with uncrossed cannulas, grouped by separation <5 cm vs >5 cm. No

statistically significant difference.

Bottom panel: Patients with crossed cannulas, grouped by separation <2.5 cm vs >2.5 cm.

Recirculation fraction was significantly lower in patients with greater tip separation (p <

0.01).
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Supplementary Table 1. Assessment of potential recirculation in 99 patients excluded from the primary study based on SvO2 monitoring:

Here SvO2 >75% was considered significant, if >4 hours or associated with a patient or ECMO intervention e.g cannula movement this was
declared ‘prolonged’. Hypoxaemia potentially related to recirculation was defined as SpO2 <88% at any time the SvO2 was greater than 75%.
The EMR was examined for patient demography and for initial cannula configuration (FF/FJ — crossed/uncrossed), and for record of patient or

ECMO interventions to combat recirculation or hypoxaemia related to recirculation. This data is presented below.

There were more males in the FJ uncrossed configuration than other configurations. The median access cannula for FJ crossed tended to be
larger (29Fr). The incidence of a raised SvO2 at any time was 50.5% in the overall cohort and not statistically significantly different between
configurations. The rate of sustained high SvO2 was 32.3%. Hypoxaemia was documented in 7.1% of patients overall in this sub cohort, and
sustained hypoxaemia occurred in 5.1% of patients. Only ten patients underwent interventions specifically to address recirculation or
recirculation related hypoxaemia. This was predominantly manipulation of cannula position, eg distraction of the access and return cannula in
the uncrossed Fj configuration. One patient underwent upgrade to high flow VV ECM. ECMO survival was higher in uncrossed vs crossed FJ
configuration but not significant between all groups. Grossly, patients in this sub cohort did not appear different to those included in the formal

study.
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All FF FJ P value Cross Uncrossed P value® p
value
*
Number 929 17 82 30 52
(17.2%) (82.8%) (36.7%) (63.3%)
Sex (male) 60.0% 58.8% 63.4% 0.63 40.0% 76.9.% 0.0008 0.01
age 46.0 (33;56.5) | 52.0(29;59) | 44.5 (33;54.75) 0.5 44.5 44.5 (34.5;55) 0.38 0.7
(32.5;53.
75)
Median access cannula (Fr) 25 25 25 29 25
Median return cannula (Fr) 21 21 21 21 21
SvO2 high (any) 50 8 (47.1%) 42 (51.2%) 0.8 14 28 (53.8%) 0.64 0.83
(50.5%) (46.7%)
SvO2 high (sustained) 32 8 (47.1%) 24 (29.3%) 0.17 8 (26.7%) | 16 (30.8%) 0.80 0.49
(32.3)
Hypoxaemia (Sp0O2<88%) 7 2 (11.8%) 5(6.1%) 0.35 1 (3.3%) | 4(7.7%) 0.65 0.71
(7.1%)
Sustained Hypoxaemia 5 1 (5.9%) 4 (4.9%) 1 1(3.3%) | 3(5.8%) 1.00 0.97
(5.1%)
Remedial Interventions 10 1 (5.9%) 9 (10.9%) 1 2 (6.6%) | 7(13.5%) 0.47 0.71
(documented) (10.1%)
1 cannula 2 cannula | 6 cannula
manipulatio manipulat | manipulations
n ions 1 high flow
conversion
ECMO duration (days) 8(4.75;13.25) | 8 8(5;17.3) 0.45 7 (5;13) 9 (5.5;17.5) 0.39 0.31
(3.75;70.6)
ECMO survival (%) 70.7% 70.6% 70.7% 1.0 63.3% 75.0% 0.01 0.74
Mechanical ventilation duration 11(10;31.25) | 9(7;17) 21 (8;31) 0.33 19 21(10.5;33.5) 0.34 0.12
(days) (6;29.5)
Tracheostomy (%) 25.3% 29.4% 24.4% 0.76 13.3% 30.8% 0.11 0.35
ICU survival (%) 53.5% 52.9% 53.7% 1.00 43.3% 63.5% 0.17 0.57

Fishers exact test or Chi2 test for categorical variables, Mann Whitney U test or one way ANOVA for continuous variables

~p values for FJ crossed Vs FJ uncrossed
*p values for 3 group comparison

Significant results, more Males in the uncrossed vs crossed FJ configuration
Higher ECMO survival in the uncrossed vs crossed FJ configuration

No difference in ICU mortality between the FF subgroup and whole cohort nor FJ whole and sub
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Supplementary Table 2. Cannula sizes used by configuration

Variable FJ(m=17) | FF(n=7)
Drainage Cannula (Fr)
21 1 (5.8%) -
25 7(41.2%) | 5(71.4%)
29 9(52.9%) | 2(28.6%)
Return Cannula (Fr)
19 6(353%) | -
21 5(29.4%) | 7(100%)
23 6(353%) | -

Legend

Frequency and proportion of drainage and return cannula sizes used in patients with femoro-

jugular (FJ) and femoro-femoral (FF) venovenous ECMO configurations. Data are presented

as number (% of group). Dashes indicate that no patients in that group received that cannula

size.

Key

FJ: Femoro-jugular configuration; FF: Femoro-femoral configuration; Fr: French

(catheter size)
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Supplementary Table 3: Recirculation by Drainage and Return Cannula Size in FJ and FF

Configurations
Drainage Cannula (Fr) | FJ n (%) FJ Rf (%) FF n (%) | FF Rf (%)
21 2 (7.7%) 56.5 (34.8-78.3) | — -
25 8(30.8%) |27.3(9.9-475) |5(71.4%) |-
29 16 (61.5%) | 31.2 (18.0-44.1) | 2 (28.6%) | -

All 25Fr Access Rf: 41.5 (11.4-50.0) vs All 29Fr Access Rf:

29.4 (13.9-40.5), ns (p = 0.47)

Return Cannula (Fr) FJ n (%) FJ Rf (%) FF n (%) | FF Rf (%)

19 2 (7.7%) 31 (19-43) 0 (0%) -

21 11 (42.3%) | 20.2 (0-52.5) 7 (100%) | 41.5(38.345.2)
23 13 (50%) 33 (2542.1) 0 (0%) -

All 21Fr Return Rf: 38.3 (6.7-50.0) vs All 23Fr Return Rf: 33.0 (25.0—42.1), ns

Legend

Recirculation fraction (Rf%) shown according to drainage and return cannula size for patients

supported with femoro-jugular (FJ) and femoro-femoral (FF) venovenous ECMO

configurations. Data are presented as number (% of group) and median Rf% with

interquartile range (IQR). Comparisons of Rf between sizes are shown for common cannula

pairings. No statistically significant differences were observed between groups. Dashes

indicate that no patients in that group received that cannula size.

Key

FJ: Femoro-jugular configuration; FF: Femoro-femoral configuration; Fr: French (catheter

size); Rf: Recirculation fraction; IQR: Interquartile range; ns: Not significant
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