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Abstract
Purpose  Extracorporeal membrane oxygenation (ECMO) is a life-saving critical care technology that presents significant 
risks of medical device-associated thrombosis. We developed a complete method for collecting membrane oxygenators 
(membrane lung) from patients receiving ECMO treatment and quantitatively analyzing the distribution of thrombus forma-
tion within the membrane.
Methods  We collected used membrane oxygenators from patients for processing and imaging with microcomputed tomog-
raphy (microCT). We reconstructed the microCT data and performed image segmentation to identify regions of thrombus 
formation within these oxygenators. We performed density mapping to quantify thrombus volume across different regions 
of each oxygenator and within multiple oxygenator models.
Results  Our method yields two-dimensional and three-dimensional visualization and quantification of thrombus deposition 
in ECMO. Analysis of the spatial distribution of platelet deposition, red blood cell entrapment, and fibrin formation within 
the fouled device provides insights into the structural patterns of oxygenator thrombosis.
Conclusions  This method can enable quantification of oxygenator thrombosis which can be used for evaluating the effect 
of new biomaterial or pharmacological approaches for mitigating vascular device-associated thrombosis during ECMO.

Keywords  Thrombosis · Medical device-associated thrombosis · Extracorporeal membrane oxygenation · Computed 
tomography

Abbreviations
CPB	� Cardiopulmonary bypass
ECMO	� Extracorporeal membrane oxygenation
H&E	� Hematoxylin and eosin
HU	� Hounsfield units
MicroCT	� Microcomputed tomography
PBS	� Phosphate-buffered saline
SEM	� Scanning electron microscopy
VA	� Veno-arterial
VV	� Veno-venous

Introduction

Extracorporeal membrane oxygenation (ECMO) provides 
critical care support during cardiac and respiratory fail-
ure [1]. Like a cardiopulmonary bypass (CPB) circuit, the 
ECMO circuit contains vascular access cannulas, a pump 
which performs the cardiac function, and an oxygenator 
which substitutes for respiratory function. Unlike CPB, 
which provides short-term support during cardiac surgery, 
ECMO provides long-term support for patients [2]. ECMO 
applications include management of severe respiratory fail-
ure or severe cardiogenic shock [3–5].

Despite providing organ support, ECMO imparts a sig-
nificant risk of thrombosis, both within the device itself as 
well as within the patient, including pulmonary embolism 
and ischemic stroke [6]. Contact between blood and bioma-
terial surfaces that comprise the ECMO circuit can initi-
ate and exacerbate thrombotic complications. For instance, 
select surfaces within the membrane oxygenator can initiate 
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and promote coagulation factor activation, protein adsorp-
tion, and platelet adhesion within the oxygenator, resulting 
in thrombogenesis. As many as 10-16% of ECMO patients 
experience membrane oxygenator thrombosis, and prolonged 
ECMO support may require frequent oxygenator replace-
ments [3, 7]. Thrombosis within the oxygenator impedes 
blood flow and compromises gas exchange efficiency. In 
addition to thromboembolic complications, ECMO surfaces 
may contribute to disseminated intravascular coagulation, 
which consumes clotting factors and platelets, leading to 
hemorrhage [8, 9].

Thus, there is an urgent need for further research to 
understand thrombosis and bleeding during ECMO and to 
develop effective strategies to mitigate these risks. Current 
clinical practices involve administration of systemic anti-
coagulants, the most common of which is unfractionated 
heparin [10, 11]. However, heparin is associated with risks 
including bleeding and a paradoxically prothrombotic state 
of heparin-induced thrombocytopenia [12, 13]. The risks 
of systemic anticoagulation motivate efforts to improve the 
hemocompatibility of oxygenators by applying antithrom-
botic coatings, including heparin analogs and albumin, to 
oxygenator surfaces [14–16].

To evaluate the prothrombotic effects of membrane 
oxygenator material and structural properties, we aimed 
to establish a rigorous method for quantifying thrombus 
formation in these devices. Previous studies have demon-
strated the utility of multidetector computed tomography 
and microcomputed tomography (microCT) for visualizing 
thrombi within oxygenators [17, 18]. Herein we build on this 
approach to provide a quantitative approach to compute the 
volume and surface area of thrombus formation with fouled 
ECMO oxygenators. We demonstrate the feasibility of our 
approach with a pilot analysis of 18 membrane oxygenators 
collected from 17 patients on ECMO. This method holds 
potential to serve as a tool for the evaluating the hemocom-
patibility of new biomaterials or effectiveness of pharma-
cological approaches to prevent or reduce the incidence of 
vascular device-associated thrombosis.

Methods

Patient Enrollment and Demographic Data 
Collection

This study was approved by the Oregon Health & Science 
University Institutional Review Board prior to initiation 
(STUDY00025349, approved 2/8/2023). The study included 
patients of ages 18 years and older, receiving veno-venous 
(VV) or veno-arterial (VA) ECMO for any indication. 
ECMO circuits included square or circular oxygenators. 
Square oxygenator models were HLS Set Advanced or 

Quadrox-i (Maquet). Circular oxygenator models were AMG 
PMP or CentriMag Pre-connected Pack (Abbott, manufac-
tured by Eurosets). We excluded individuals expected to be 
on ECMO for less than 24 hours and patients diagnosed with 
Hemophilia A, B, C, or known congenital FXII deficiency. 
We obtained consent from each patient or surrogate decision 
maker for collection of demographic data, medical records, 
blood samples, and ECMO components. We collected demo-
graphic information including age, gender, ethnicity, and 
medical history using standardized data capture forms.

ECMO Decannulation and Membrane Oxygenator 
Collection

The ECMO flow rate was adjusted to 1-2 L/min prior to 
decannulation. After weaning the patient from ECMO, the 
drainage and return tubing was clamped and cut. Normal 
saline solution (0.9% NaCl) was immediately added to 
the cut ends of the tubing to remove air, and the tube ends 
were connected with a 3/8” × 3/8” straight CPB connector 
(LivaNova) to form a closed loop, separating the ECMO 
circuit from the patient. Both cut ends of the circuit were 
completely filled with saline before forming the loop, 
ensuring a 'wet-to-wet' connection to maintain a continuous 
liquid phase and prevent air ingress. Alternatively, before 
reopening or reconnecting the circuit, the connection was 
submerged in a saline-filled container to preserve the liq-
uid interface. After patient separation, normal saline was 
pumped at 1-2 L/min for 5 minutes to flush excess blood.

Membrane Oxygenator Processing

Membrane oxygenators were removed from the collected 
ECMO circuits and fixed by dispensing 300 mL of 4% para-
formaldehyde in 0.1 M phosphate-buffered saline (PBS) into 
the casing with a syringe. Oxygenators were stored in para-
formaldehyde for 24–48 hours. We designed custom vise 
clamps to maintain the structure of the square oxygenators 
while cutting away the outer casing with a stainless-steel 
bandsaw (Lenox Classic Bi-Metal blade, 8/12 TPI). The 
square oxygenators measured 160 mm × 160 mm × 90 mm 
with casing and 90  mm × 90  mm × 55  mm after casing 
removal. The metal relief spring and other remaining com-
ponents were removed from the oxygenator prior to microCT 
imaging to prevent image distortions.

For processing circular oxygenators, we cut and removed 
the plastic casing from both ends of the oxygenator, leaving 
the thin casing along the side of the cylinder. We removed 
the metal heating rod from the center of the membrane oxy-
genators then cut along the vertical axis, forming two half-
cylinders, to accommodate the microCT system dimensions.

Oxygenators were removed from formaldehyde solution 
24 hours prior to imaging and immersed in Lugol solution 
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(L6146, Sigma Aldrich). Lugol solution, which is comprised 
of aqueous potassium iodide and iodine, was used as a con-
trast agent to enhance the microCT imaging of the cellular 
components and structure of the thrombi within the oxygen-
ator [19, 20].

Micro‑computed Tomography

We imaged oxygenators using an Inveon MicroCT sys-
tem (Siemens) with a 14-bit x-ray imaging detector with 
4,096 × 4,096 pixels, scanning at 4.65 degree intervals. We 
acquired stacks of 1,024 images for all three spatial dimen-
sions with a voxel size of 98.731 μm and standardized imag-
ing parameters (80 kV voltage, 114 µA intensity, 1,200 ms 
integration time). The acquisition field of view covered a 
total area of 100 mm × 100 mm.

Thrombus Quantification

We performed image reconstruction and segmentation 
using Dragonfly software version 2022.2 (Comet Technolo-
gies Canada Inc.). We calibrated the contrast window to a 
range of 0-600 Hounsfield units (HU). To quantify throm-
bus deposition within each structurally distinct layer of the 
square oxygenators, we segmented thrombus areas in three 
randomly selected frontal view slices from each layer. The 
oxygenator was delineated with a lower threshold of 150 
HU, and thrombi were delineated with a lower threshold 
between 310 HU and 415 HU. We manually adjusted this 
segmentation to annotate all deposits in each slice and calcu-
lated the average percent area of thrombus deposition across 
the selected slices in each layer.

To visualize the three-dimensional distribution of throm-
bus deposition and quantify thrombus volume, we performed 
density mapping of the entire square oxygenator and of each 
layer. We again delineated thrombus regions with a lower 
threshold between 310 HU and 415 HU and calculated the 
percent volume of thrombus deposition. Circular oxygen-
ators have a uniform structure, lacking the distinct layers 
found in square oxygenators; therefore, we only performed 
three-dimensional quantification on these devices. We 
applied the same density mapping and thresholding steps as 
described for square oxygenators to delineate thrombi and 
calculate percent volume of thrombus deposition in circular 
oxygenators

Scanning Electron Microscopy of Thrombi

After microCT imaging, we collected thrombi from each 
layer including hollow fibers at layer 2 of the square oxy-
genators and from the uniform hollow fiber layer of the 
circular oxygenators for visualization with scanning elec-
tron microscopy (SEM) and histological staining. Thrombi 

collected for SEM were immersed in 4% formaldehyde in 
0.1 M PBS on a shaker at room temperature overnight. 
Thrombi were then washed in a series of cold ethanol 
mixtures (50%, 70%, 80%, 90%, 95%, and 100% ethanol 
in water), each for 5 minutes on an orbital shaker at low 
speed. Samples were critical point dried (CPD300, Leica 
Biosystems) with 35 carbon dioxide exchange cycles, 
sputtered with platinum coating, and mounted with car-
bon glue. We imaged thrombi on a Volumescope 2 SEM 
(Thermo Fisher Scientific) with a directional backscatter 
detector under 800 × , 1,000 × , and 2,000 × magnifications 
(7.00 kV voltage, 6.5-6.9 mm work distance). Mountains® 
10.3 (Digital Surf Inc.) was used for qualitative analy-
sis of SEM images to assess pore, fibrin, and blood cell 
areas. The 'analyze pore, particles, and fibrin' command 
was applied, using a fixed signal threshold as a positive 
signal. Additionally, any area exceeding 1 µm2 was also 
considered a positive signal.

Histological Staining of Thrombi

Thrombi collected for histological staining were prepared 
using a standard tissue processing protocol, embedded in 
paraffin, and cut into 4 µm sections. Representative sections 
were stained with hematoxylin and eosin (H&E) to examine 
thrombus composition. Whole slide scanning was performed 
on an Aperio AT Turbo digital pathology scanner (Leica 
Biosystems), to identify thrombus composition such as red 
blood cell and fibrin content qualitatively.

Results

Patient Enrollment and Oxygenator Collection

From an initial cohort of 23 patients, we excluded 6 patients 
due to short notice prior to decannulation, patient death dur-
ing ECMO support, or failure in collecting oxygenators (Fig-
ure 1). Our final dataset included 17 patients. Patient demo-
graphics are listed in Supplemental Table 1. We collected 
two oxygenators from one of these patients, yielding a total 
of 18 oxygenators available for analysis, including 13 square 
oxygenators and 5 circular oxygenators. All patients received 
systemic anticoagulation with heparin or a combination of 
heparin and bivalirudin.

Oxygenators were disconnected from patients and rinsed 
with saline at the bedside. One of the six patients excluded 
was due to a failure during oxygenator collection, in which 
air accidentally entered the ECMO circuit after decannula-
tion. Thus, we chose to exclude this oxygenator from our 
analysis.
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Histological Staining and Scanning Electron 
Microscopy

We identified five structurally distinct layers within the 
square oxygenators. We performed SEM and histological 
staining on thrombi extracted from the first two layers in 
the direction of blood flow. H&E staining indicates accu-
mulation of erythrocytes in thrombi in the first layer of the 
oxygenator (Fig. 2a). Thrombi originally collected from the 
first layer of the square oxygenator are shown in Fig. 2g. 
Thrombi from the second layer were primarily composed of 
fibrin and contained fewer erythrocytes (Fig. 2b, h). SEM 
images supported these findings and revealed structural 
details including the presence of polyhedral erythrocytes, 
fibrin, and pores, characteristic features of thrombi (Fig. 2c 
and d) [21]. We quantified the SEM images by labeling 
the areas of blood cells, fibrin, and pores (Figure 2h). The 
first layer demonstrates a higher proportion of blood cells 
(25.4%) and lower fibrin content (22.6%), whereas the sec-
ond layer, where the fine-structure hollow fiber is located, 
is characterized by a substantial increase in fibrin deposi-
tion (49.0%) and a marked reduction in blood cell presence 
(0.9%). This pattern suggests that thrombus formation within 
the oxygenator exhibits a configuration-relevant gradient. 
Here we also highlighted significant thrombus formation on 

the ties linking the hollow fibers within the second layer 
(Fig. 2e and f).

Unlike the layered square oxygenators, circular oxygenat-
ors have a uniform structure. SEM and histological staining 
were performed on thrombi extracted from the membrane 
in the direction of blood flow. A large thrombus was found 
where blood flows into the area of the ECMO, and cen-
trifugal force caused its distribution toward the outer side, 
as shown in Fig. 2i. H&E staining indicates the accumula-
tion of erythrocytes and fibrin tightly mixed in thrombi in 
the blood inflow region of the oxygenator (Fig. 2j). As in 
the square oxygenators, SEM images showed polyhedral 
erythrocytes, platelets, fibrin, and pores (Fig. 2k and l). The 
porosity is lower in the thrombus of circular oxygenators 
than in square oxygenators. (Fig. 2n). Again, blood cells 
and thrombus accumulated on the ties linking the hollow 
fibers (Fig. 2m).

Two‑dimensional Quantification in Square 
Oxygenators

To investigate the spatial distribution of thrombus for-
mation within an oxygenator, we developed a method 
for visualizing and quantifying thrombus area through 
microCT imaging (Fig. 3). After collection from patients 

Fig. 1   Patient enrollment for 
ECMO circuit collection study
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requiring ECMO, oxygenators were fixed with paraformal-
dehyde and removed from the exterior casing for microCT 
imaging. We reconstructed microCT images and identi-
fied five distinct layers with different structural patterns 
in the square oxygenators (Fig. 4a). We analyzed samples 
of three frontal view slices within each layer to calculate 

the average percent area of thrombus deposition by layer. 
Our results indicate that Layer 2 of these oxygenators, 
the second layer in the direction of blood flow, contained 
the highest average percent area of thrombotic formation 
(Fig. 4c).

Fig. 2   Histological staining and 
SEM images show thrombus 
formation in ECMO oxygen-
ator layers. In the first layer 
(a), erythrocyte-rich thrombi 
are observed, while the second 
layer (b) shows fibrin-dominant 
thrombi. H&E staining high-
lights thrombus composition in 
the ECMO layers. SEM images 
(c–f) show polyhedral erythro-
cytes in the first layer (c) and 
thrombus buildup on fiber ties 
in the second layer at 1000 × (e) 
and 2000 × (f) magnifications. 
g shows human clots from the 
first layer of square ECMO, 
and h shows SEM analysis of 
clot composition in the first 
and second layers. i and j show 
thrombus photo and H&E 
staining from the blood inflow 
region of circular ECMO. SEM 
analysis k–l reveals twisted 
thrombus structures, includ-
ing erythrocytes and fibrin, at 
800 × and 2000 × magnification. 
m thrombus attached amount on 
fiber ties n shows SEM analysis 
of clot composition and pore 
percentages in circular ECMO
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Three‑Dimensional Quantification in Square 
and Circular Oxygenators

We extended our segmentation method to three-dimen-
sional reconstructions to quantify thrombus volumes from 
density mapping of oxygenators. We again isolated five 
layers and calculated the percent thrombus volume within 
each layer (Fig. 5a). We also calculated the total percent 
thrombus volume throughout each whole oxygenator. This 
total thrombus volume offers a metric for assessing overall 
thrombus deposition in oxygenators across various device 
parameters and clinical factors. As an example, we present 

thrombus volumes with the duration of use for each oxy-
genator (Fig. 5b). We imaged an unused oxygenator that 
had not been exposed to blood for establishing a baseline by 
applying the same segmentation process used for the fouled 
oxygenators (Supplemental Figure 1).

We next applied the three-dimensional quantification 
method to circular oxygenators, which are homogenous 
unlike the layered square oxygenators. We reconstructed 
microCT images of circular oxygenators, combining images 
from both half-cylinders for each oxygenator. We performed 
density mapping of thrombus spatial distribution and seg-
mentation of thrombotic deposits and quantified the overall 

Fig. 2   (continued)
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Fig. 3   Collection and imag-
ing methods for ECMO circuit 
thrombi. a ECMO circuit decan-
nulation using clamping, cut-
ting, and wet-to-wet connection. 
b Thrombi fixation and staining 
with saline rinse, PFA fixation, 
and Lugol’s solution. c CT scan 
and 3D image segmentation of 
thrombi, with axial, sagittal, and 
frontal views
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percent volume of deposits throughout each circular oxygen-
ator (Fig. 6a). These results indicate accumulation of high 
density thrombus near where the blood enters the cylinder 
and variation in thrombus volume across durations of oxy-
genator use (Fig. 6b). Like the unused square oxygenator, 
we found no thrombi when applying the same segmentation 
process used for the fouled oxygenators (Supplemental Fig-
ure 2). Overall, we quantified thrombus formation by ana-
lyzing the thrombus spatial distribution in whole ECMO 
components and calculating thrombus volume percentage 
for multiple shapes of used ECMO oxygenators.

Discussion

Collection, imaging, and quantitative analysis of used 
ECMO oxygenators will enable the investigation of the 
structural properties of membrane oxygenators and the 
three-dimensional distribution of thrombus formation with 
these medical devices. Our results indicate thrombus accu-
mulation within the initial days of ECMO treatment, with 

the extent of accumulation varying between regions of the 
oxygenator. This new method of oxygenator collection and 
analysis complements standard microscopy techniques to 
yield insights on structural and material features that may 
contribute to oxygenator thrombosis.

ECMO treatment involves a high risk of thrombotic com-
plications [22, 23]. Contact between blood and materials 
within the circuit promotes activation and consumption of 
coagulation factors, leading to thrombosis and hemorrhage 
[6]. Thrombus deposition within the membrane oxygenator 
can increase mechanical resistance in diffusion capillaries 
and reduce the gas exchange capacity of the oxygenator, fur-
ther complicating extended ECMO use. Moreover, medical 
device-induced thrombosis can exacerbate systemic inflam-
mation through activation of the contact system of coagula-
tion, neutrophils, and platelets [13, 24]. Proinflammatory 
cytokines are associated with an increased risk of mortality 
during ECMO treatment [25, 26]. Improvements to ECMO 
membrane designs or novel anticoagulants to prevent contact 
pathway activation may address the critical risks of medical 
device-induced thrombosis [27–29].

Fig. 4   2D quantification of 
thrombus in oxygenator layers. 
a Thrombus (red) and mem-
brane (green) distribution across 
the five oxygenator layers. b 3D 
illustration showing thrombus 
distribution in the ECMO 
region, correlated with CT 
scan slices along the direction 
of blood flow. c Quantification 
of thrombus area, with most 
thrombi found in layers 1 and 2 
(****p < 0.0001)
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The emergency use of ECMO as therapy creates a chal-
lenge for membrane collection in a critical care setting. 
It is complicated to predict when a patient will require 

decannulation, and therefore difficult to prepare laboratory 
materials before collection. This also holds true for blood 
collection to monitor the temporal pattern of activation of 

Fig. 5   3D quantification of 
thrombus in square oxygenator. 
a 3D visualization of radio-
density mapping and thrombus 
distribution across oxygenator 
layers 1–5, with higher throm-
bus accumulation in the first 
two layers. b Thrombus volume 
over days of ECMO use, 
showing increased thrombus 
formation with prolonged usage 
compared to unused ECMO 
circuits (N = 13)
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Fig. 6   3D quantification of 
thrombus in circular oxygenator. 
a 3D reconstruction, radio-
density mapping, and thrombus 
distribution in a circular oxy-
genator. b Thrombus volume 
(%) increases with ECMO usage 
duration (N = 5)
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coagulation factors and blood cells. Moreover, complica-
tions during the weaning process may require that the patient 
be reconnected to ECMO support, preventing oxygenator 
collection. After decannulation, there is a risk of clotting 
throughout the disconnected ECMO circuit. We prevented 
clotting during collection by using a bulb syringe to fill the 
cut ends of the circuit with saline and connecting the two 
ends to continue circulation through the ECMO system. We 
found it necessary to quickly form this closed circuit to pre-
vent introduction of air into the ECMO tubing to prevent 
artefactual clotting. One limitation of our collection method 
is that this saline rinse may remove or disrupt some throm-
botic deposits from the membrane, resulting in an under-
estimation of the thrombus volume present during ECMO 
treatment. A key limitation of this study is the lack of sys-
tematically collected patient oxygenation data, such as arte-
rial blood gas measurements and continuous pulse oxime-
try, which prevented an analysis of the potential correlation 
between thrombus volume and patient oxygenation status. 
An additional limitation is the variability in anticoagulant 
management arising from patient-specific adjustments and 
clinical monitoring. Although anticoagulant infusion rates 
and anti-factor Xa concentrations were monitored following 
established guidelines, the absence of real-time data limits 
the accuracy of this aspect.

In conclusion, we developed a method of oxygenator 
collection and thrombus quantification for the assessment 
of the extent and distribution of thrombosis during ECMO. 
Future applications of this method can include analyses of 
the relationships between blood flow patterns, treatment 
methods, and the cellular makeup of thrombus accumula-
tion [30]. Quantification of thrombotic deposits may enable 
improved monitoring of patient outcomes to understand the 
progression of thrombotic complications and evaluate clini-
cal strategies. Analysis of the spatial distribution of deposits 
can provide details on structural and material factors driving 
oxygenator thrombosis. These insights may facilitate devel-
opment and evaluation of ECMO technologies to reduce 
risks for patients receiving critical care.
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