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Abstract
Purpose To determine the diagnostic accuracy of 3D time of flight MR angiography (TOF-MRA), contrast enhanced MR
angiography (CE-MRA), and T1-weighted high-resolution isotropic volume examination (THRIVE) at 3 T for the evaluation
of intracranial aneurysm occlusion after endovascular treatment and to evaluate the usability of the THRIVE sequence in
endovascular treatment follow-up.
Methods In 3 T MR follow-up examinations of 66 aneurysms in 50 patients treated endovascularly, 3D TOF-MRA (index test),
THRIVE (index test), and CE-MRA (reference standard) examinations were performed in a retrospective consecutive case series.
Source images were classified as class 1, class 2, and class 3 according to the Raymond criteria using MIP (maximum intensity
projection) techniques. The compatibility between sequences was evaluated with the Kappa test. The sensitivity and specificity
were also calculated.
Results In the evaluation of THRIVE and CE-MRA sequences, compatibility was determined in 61 cases in total, with an overall
fit of 61/66 (92.42%). A statistically significant correlation was found between THRIVE and CE-MRA (p < 0.001, κ = 0.800). In
the evaluation of TOF and CE-MRA sequences, compatibility was determined in 54 cases in total, and the overall fit was 54/66
(81.8%). A statistically significant agreement was found between TOF and CE-MRA (p < 0.001, κ = 0.502). Assuming that CE-
MRA is a reference standard, the sensitivity and specificity of the TOF sequence were 44.4% and 97.9%, respectively, and the
sensitivity and specificity of the THRIVE sequence were 77.8% and 97.9%, respectively.
Conclusion The THRIVE sequence can be used as a noncontrast method for monitoring endovascularly treated intracranial
aneurysms.
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Introduction

Intracranial aneurysms have significant neurological mortality
and morbidity. Treatment options include surgical intervention
or endovascular therapy [1]. Endovascular treatment is the first-
line treatment method in most aneurysms. The purpose of long-
term follow-up for these aneurysms is to determine possible
recurrence and to evaluate retreatment if necessary [2, 3].

Digital subtraction angiography (DSA) used for diagnostic pro-
cedures and posttreatment follow-up is a more sensitive method
with a high accuracy rate when compared to all other imaging
techniques and is considered the gold standard method.
However, catheter angiography is an invasive diagnostic method
with the disadvantages of thromboembolism, contrast agent re-
actions, nephrotoxicity, and insertion site complications [2, 3].

MRA (magnetic resonance angiography) used for the diag-
nosis and posttreatment follow-up of cerebral aneurysms has
become an alternative diagnostic method to DSA [4, 5]. In
addition to providing an accurate and rapid diagnosis of intra-
cranial aneurysms, MRA is an alternative technique that is
noninvasive, has no radiation risk, and does not carry the risks
of conventional angiography [6].

Technically, PCA (phase contrast angiography), TOF (time
of flight), and CE-MRA (contrast enhanced magnetic
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resonance angiography) are basic MRAmethods [6]. The pre-
ferred method of imaging intracranial aneurysms is TOF-
MRA. This provides high-quality images without contrast
and has better resolution and an improved signal-to-noise ra-
tio, although there is also the disadvantage of turbulent flow in
carotid siphons and large aneurysms. The CE-MRAmethod is
easier to interpret than the PC-MRA and TOF-MRAmethods,
and sensitivity artifacts are less common. With the CE-MRA
method, 0.1–0.2 mmol/kg gadolinium-based intravenous (IV)
contrast is obtained on T1-weighted images following a bolus
injection. In a routine protocol, images are usually obtained
using fast spoiled gradient recalled-based sequences [6].
Many studies comparing MRA and IA-DSA (intra-arterial
digital subtraction angiography) have shown that MRA is
the correct technique to demonstrate aneurysm residue or re-
canalization after endovascular coil embolization. In some
studies, CE-MRA has been evaluated, while in others, 3D
TOF or both techniques have been evaluated together [7].

The T1-weighted high-resolution isotropic volume exami-
nation (THRIVE) sequence SENSE is an optimized, fast, T1-
weighted 3D imaging technique that combines large volumes
and homogeneous fat suppression. 3D T1-weighted imaging
is a method that uses parallel signal acquisition techniques that
provide fast high-resolution scans and allow contrast-
enhanced imaging of the liver, intraabdominal organs, small
intestine, breast, prostate, and pancreas. The THRIVE se-
quence provides high-resolution isotropic images and only
requires the patient to hold his or her breath for a short breath
holding time, providing suitable images in dynamic liver MR.
The THRIVE sequence is an important technique that enables
detailed imaging of neuroanatomical structures with or with-
out dynamic contrast. Tartari et al. [8] used contrast and
noncontrast THRIVE sequences to visualize atherosclerotic
plaques in the extracranial segments of the carotid artery.

The aim of this study was to compare TOF-MRA, CE-
MRA, and THRIVE techniques at 3 T for the evaluation of
intracranial aneurysm occlusion after endovascular treatment
and to evaluate the usability of THRIVE sequences in
endovascular treatment follow-up.

Materials and methods

Study population

A retrospective evaluation was made of patients who
underwent endovascular intracranial aneurysm treatment be-
tween January 2012 and November 2018 in Bursa Uludag
University Faculty of Medicine, Department of Radiology.
The study included patients with scans obtained via 3 T MR
with the appropriate technique and protocol and patients who
underwent 3D TOF-MRA, THRIVE, and CE-MRA se-
quences in the same session. Patients with insufficient MRA

sequence analyses, patients who previously had artifacts due
to intracranial surgical material, and patients aged < 18 years
were excluded from the study. Patients in the entire universe
were evaluated in this study. A total of 66 aneurysms in 50
patients in a consecutive case series were included in the
study. The demographic data of the patients were obtained
from the Avicenna Hospital Information Management
Systems program used in our hospital.

Technique

With the diagnostic imaging performed using the DSA device
(AXIOM Artis, Siemens, Erlangen, Germany) in the
Interventional RadiologyDepartment, the location and dimen-
sions of the aneurysm were determined.

MRA was performed using a 3 T MR unit (Achieva TX,
Philips, Eindhoven, Holland). In all patients, vascular access
was opened from the antecubital vein using a 20-gauge needle
before the examination. After positioning on the table, the
patient was connected to an MR compatible injection
(Spectris, Medrad, Pittsburgh, PA) and prepared for CE-
MRA, which was set as reference standard. A standard head
coil was used in the MRA technique. The patients underwent
3D TOF-MRA, THRIVE, and, most recently, CE-MRA. For
CE-MRA, the contrast material with 0.2 ml/kg gadolinium
was administered via the antecubital vein with a contrast rate
of 2.5 mL/sec. After the administration of the contrast agent,
an injection of 20 ml of 0.9% saline injection was made at a
rate of 2 ml/sec. The technical parameters of MRA are shown
in Table 1. The 3D TOF-MRA, THRIVE, and CE-MRA se-
quences were evaluated by creating 3D MIP (maximum in-
tensity projection) and 3D VR (volume rendered), each in
Centricity RIS-I Plus and Centricity PACS (GE, Fairfield,
Connecticut, USA) programs registered at workstations in
the radiology department. All images (TOF-MRA, THRIVE,
and CE-MRA) were evaluated by two experienced neuroradi-
ologists (EM, BH) until an agreement was reached. TheMRA
images of the patients treated with endovascular aneurysms

Table 1 Technical parameters used for 3 T MR

3D TOF THRIVE CE-MRA

TR 25 500 500

TE 5.76 Ultra-shortest 500

FOV 200 210 220

Matrix 864 224 448

SENSE factor 3 2 2

Flip angle 20 10 27

Voxel 0.23 × 0.23 × 0.50 1 × 1× 1 0.5 × 0.5 × 0.5

Section number 146 80 150

Time 6 min 4 min 30 sec 50 sec
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were classified as class 1, class 2, and class 3 on the Raymond
scale according to the degree of occlusion. The Raymond
criteria are described in Fig. 1. Sample cases are shown in
Figs. 2, 3, 4, and 5.

Statistical analysis

Data entry and statistical analyses were performed using SPSS
20.0 (IBM SPSS Inc., Chicago, IL, USA) statistical software.
Frequency distributions and percentages were calculated for
descriptive analysis, and averages are shownwith the standard
deviation. The aggregation between sequences in
distinguishing Raymond criteria was evaluated with the
Kappa test and the following parameters: κ = 0–0.2 inade-
quate agreement, κ = 0.21–0.4 agreement, κ = 0.41–0.6 mod-
erate agreement, κ = 0.61–0.8 substantial agreement, κ =
0.81–1.00 almost perfect agreement, and κ = 1.00 perfect
agreement. The sensitivity and specificity of THRIVE and
TOF-MRA to CE-MRA were calculated. A value of p <
0.05 was considered statistically significant.

Results

Sixty-six aneurysms of 50 patients, comprising 15 males and
35 females with a mean age of 50.28 ± 13.33 years were
evaluated. The age group classification showed 13 patients
(26%) aged ≤ 39 years, 30 patients (60%) aged 40–64 years,
and 7 patients (14%) aged ≥ 65 years. Anterior system local-
ization was observed in 55 (83.3%) aneurysms, and 11
(16.7%) were in the posterior system. With respect to size,
52 (78.8%) were defined as small aneurysms (≤ 10 mm), 12
(18.2%) as large aneurysms (≤ 25 mm, > 10 mm), and 2 (3%)
as giant aneurysms (> 25 mm). While 54 (81.8%) of the cases
were saccular aneurysms, 10 (15.8%) were fusiform, and 2
(3%) were fenestrated aneurysms. The size of the aneurysms
varied between 3 and 40 mm, with an average size of 10.21 ±
6.92 mm.

Of the aneurysms treated with endovascular treatment, 36
(54.8%) were located in the internal carotid artery, 2 (3%) in
the anterior cerebral artery, 10 (15.2%) in the middle cerebral
artery, 1 (1.5%) in the posterior cerebral artery, 2 (3%) in the
vertebral artery, 9 (13.6%) in the basilar artery (13.6%), 4
(6.1%) in the anterior communicating artery, and 2 (3%) in

the posterior communicating artery. A coil was used in 8 cases
(12.1%), a stent was used in 37 cases (56.1%), and both coils
and stents were used in 21 cases (31.8%).

Assuming that CE-MRA is a reference method, the sensi-
tivity and specificity of the TOF sequence were 44.4% and
97.9%, respectively, and the sensitivity and specificity of the
THRIVE sequence were 77.8% and 97.9%, respectively (95%
confidence intervals).

When the THRIVE and CE-MRA sequences of the 66
cases were analyzed, of the 48 cases evaluated as complete
occlusion with CE-MRA, 47 demonstrated complete occlu-
sion via THRIVE, and 1 case was evaluated as residual neck.
Of the 17 cases classified as residual neck with CE-MRA, the
THRIVE sequence data indicated that 14 of these cases had
residual neck and 3 had full occlusion. In 1 case diagnosed
with residual aneurysm by CE-MRA, the evaluation via
THRIVE revealed complete occlusion. Compatibility was de-
termined in 61 cases in total, and the overall fit was 61/66
(92.42%). A statistically significant correlation was found be-
tween THRIVE and CE-MRA (p < 0.001, κ = 0.800)
(Table 2).

In the comparison of 66 cases studied with TOF and CE-
MRA sequences, 47 of the 48 cases evaluated as complete
occlusion with CE-MRA were classified as complete occlu-
sion with TOF, and 1 case was evaluated as residual neck. Of
the 17 cases evaluated as residual neck with CE-MRA, 10
were classified as complete occlusion, and 7 were classified
as residual neck when analyzed by TOF. While 1 case was
evaluated as residual aneurysm with CE-MRA, no residual
aneurysm was detected in the TOF sequence, and 1 case was
classified as residual neck. Compatibility was determined in
54 cases in total, and the overall fit was 54/66 (81.8%). The
flow of cases is highlighted in Figure 6. A statistically signif-
icant agreement was found between TOF and CE-MRA (p <
0.001, κ = 0.502) (Table 3).

In the comparison of the 66 cases examined via TOF and
THRIVE sequences, 50 of 51 cases evaluated as complete
occlusion with THRIVE were classified as complete occlu-
sion with TOF, and 1 case was evaluated as residual neck. Of
the 15 cases evaluated as residual neck with THRIVE, 8 were
classified as residual neck and 7 were classified as full occlu-
sionwhen analyzed in TOF. Overall compatibility was present
in 58/66 cases (87.88%). A statistically significant agreement
was found between TOF and THRIVE (p < 0.001, κ = 0.594)

Fig. 1 Raymond criteria used to evaluate the success of the treatment of patients after endovascular treatment [26]. aClass 1, Complete occlusion bClass
2, Residual neck c Class 3, Residual aneurysm
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(Table 4). There was not any adverse event from performing
the examinations.

Discussion

Treated aneurysms should be followed up for recurrence and
residues, for which there are a few basic modalities. DSA has

risks such as invasive interference complications, reactions
due to the use of an iodinated contrast agent, and exposure
to ionizing radiation. MRA with or without contrast is fre-
quently preferred in the follow-up of endovascularly treated
aneurysms due to the absence of ionizing radiation; it is the
least invasive method, and there are none of the complications
associated with DSA [9, 10]. Performing MRA examination
with a contrast agent provides more accurate imaging of the

Fig. 3 After endovascular
treatment of the right ICA
supraclinoid segment aneurysm
of the 39-year-old female patient,
TOF-MRA (a) residual neck
(class 2, white arrow), THRIVE
coronal (b), axial (c) residual neck
(class 2, white arrow), and CE-
MRA (d) evaluated as complete
occlusion (class 1)

Fig. 2 After the endovascular
treatment of a 56-year-old male
patient basilar truncus fusiform
aneurysm, TOF-MRA (a) com-
plete occlusion (class 1), CE-
MRA (b) residual neck (class 2,
white arrow), THRIVE (c) resid-
ual neck were evaluated (white
arrow). Anterior Posterior (AP)
DSA (D) image shows residual
neck (class 2)
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current in the aneurysmal sac. Another advantage of CE-MRA
is the short TE time and low number of magnetic susceptibil-
ity artifacts [11]. Some studies have shown that CE-MRA is
better than TOF-MRA. In a study by Leclerc et al., while CE-
MRA sensitivity was 100% in residual neck detection in the
follow-up of coiled anterior communicating artery aneurysms,
it was found to be 60% for TOF-MRA [12]. In this study,
TOF, THRIVE and CE-MRA sequences were evaluated in
the comparison of occlusions of endovascularly treated aneu-
rysms. The results we found in comparing the THRIVE se-
quence with CE-MRA are important for predicting the usabil-
ity of the technique in neurovascular radiology. The use of the
THRIVE sequence in neurovascular practice is limited and
relatively new. To the best of our knowledge, there are no data
that indicate that the THRIVE sequence has been used in

intracranial aneurysms. Due to its noncontrast feature, it can
be used as an alternative to TOF or in combination with TOF.
In particular, the high sensitivity value compared to TOF
shows the superiority of the technique in detecting residues
and recurrences.

Despite the advantages of MRA, it has some disadvan-
tages. These include poor visualization of small vessels, over-
estimation of stenosis, view-to-view variations, false posi-
tives, false negatives, and vessel overlap. Extravascular sub-
acute thrombus can be used as an example for false positivity.
Intraluminal thrombus or intimal flap may be obscured if
surrounded by hyperintense flowing blood. This is an example
of false negativity [13].

The calculation of the sensitivity and specificity of MRA
after endovascular aneurysm treatment is based on the

Fig. 4 After coiled of the right
MCA M1 segment aneurysm of
the 35-year-old male patient;
TOF-MRA (a) residual neck
(class 2, white arrow), THRIVE
coronal (b), axial (c) complete
occlusion (class 1), CE-MRA (d)
residual aneurysm (class 3, white
arrow) rated as

Fig. 5 After endovascular
treatment of vertebrobasilar
fenestrated aneurysm of a 41-
year-old woman, TOF-MRA (a)
was evaluated as complete occlu-
sion (class 1), THRIVE (b) resid-
ual neck (class 2, white arrow)
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acceptance of DSA as the gold standard [12, 14, 15].
However, there are also studies where only CE-MRA and
the TOF method have been used, and DSA is not accepted
as the gold standard for follow-ups. In a study by Shankar
et al. [16], 134 aneurysms, which were coiled, were followed
up with CE-MRA in the 3rd month, 15th month, 3rd year, and
5th year, but no comparison was made with DSA for grading.
This and similar studies are important for predicting long-term
MRA follow-up [16–19]. It was also emphasized in the
Shankar study that CE-MRA may be higher in terms of clas-
sification compared to DSA. For example, it was stated that an
endovascularly treated aneurysm could be reported as a resid-
ual neck (class 2) with CE-MRA and defined as complete
occlusion (class 1) in DSA control. This was thought to be
due to the technique and physical principles of CE-MRA com-
pared to those of DSA. Another highlighted issue in that study
was that the aneurysm neck recurrence residues were evaluat-
ed more accurately with CE-MRA than with DSA [16]. In the
current study, DSAwas not accepted as the gold standard, and
the different MRA sequences were compared for compatibil-
ity with respect to one other.

Complete occlusion rates have been reported to be approx-
imately 50% in follow-up after endovascular treatment [12,
14, 15, 17, 16]. However, these studies included coiled aneu-
rysms and did not include patients treated with stents. In the
current study of 66 cases, 58 (73%) were classified as com-
plete occlusion by CE-MRA, 57 (86%) by TOF-MRA, and 51
(77%) by a THRIVE sequence. Coil or stent application was
performed in all of these cases.

In the study conducted by Kauffman et al. [18], TOF-MRA
and CE-MRA examinations performed under favorable condi-
tions were shown to be better than DSA in aneurysm occlusion

assessment. This is important in that it allows safe and noninva-
sive follow-up of endovascularly treated aneurysms with MRA
without DSA examination. As supporting evidence in this re-
gard, the work of some authors has shown that TOF-MRA is
more sensitive than DSA in coiled aneurysms [18–22].
Kauffman et al. [18] reported that sensitivity was sufficient for
the evaluation of aneurysm residue or recurrence considered as
class 2 or class 3. TOF-MRA shows the coil load well.
Therefore, for CE-MRA, which can be examined with less con-
trast, the examination is more valuable in terms of treatment
evaluation. In the study conducted by Leclerc et al. [12], very
high compatibilitywas found betweenCE-MRA andDSA in the
posttreatment follow-up of anterior communicating artery aneu-
rysms, with CE-MRA sensitivity of 100% in residual neck de-
tection and 60% in TOF MRA. In a large-scale meta-analysis
study byKewe et al. [23], the specificity rates for TOF-MRAand
CE-MRA were found to be 90% and 91.9%, respectively.

The main purpose of this study was to compare the
THRIVE sequence results with those of TOF and CE-MRA.
When the THRIVE and CE-MRA sequences were compared,
there was compatibility in a total of 61/66 cases (92.42%). A
statistically significant correlation was found between CE-
MRA and THRIVE (p < 0.001, κ = 0.800). In a comparison
of the THRIVE sequence with the TOF-MRA sequence, com-
patibility was determined in 58/66 cases (87.88%). A statisti-
cally significant correlation was found between TOF-MRA
and THRIVE (p < 0.001, κ = 0.595). The substantial agree-
ment of the noncontrast THRIVE sequence with CE-MRA is
a valuable finding in detecting aneurysm recurrence on
noncontrast sequences.

The THRIVE sequence SENSE is an optimized, fast, T1-
weighted 3D imaging technique that combines large volume

Table 2 Comparison of THRIVE and CE-MRA aneurysm occlusions

CE-MRA Total Statistics

Class 1 Class 2 Class 3 Overall fit κ p

THRIVE Class 1 47 (97.9%) 3 (17.6%) 1 (100%) 51 (77.3%) 92.42 % 0.800 < 0.001
Class 2 1 (2.1%) 14 (82.4%) 0 (0%) 15 (22.7%)

Total 48 (100%) 17 (100%) 1 (100%) 66 (100%)

Table 3 Comparison of TOF and
CE-MRA aneurysm occlusions CE-MRA Total Statistics

Class 1 Class 2 Class 3 Overal fit κ p

TOF Class 1 47 (97.9%) 10 (58.8%) 0 (0%) 57 (86.4%) 81.8 % 0.502 < 0.001
Class 2 1 (2.1%) 7 (41.2%) 1 (100%) 9 (13.6%)

Total 48 (100%) 17 (100%) 1 (100%) 66 (100%)
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and homogeneous fat suppression. THRIVE is a sequence
name unique to the Philips 3 T MR (Achieva TX, Philips,
Eindhoven, Holland). The name of this sequence is known
at SIEMENS as VIBE and at General Electric (GE) as
LAVA. 3D T1-weighted imaging is a method that uses paral-
lel signal acquisition techniques, providing fast high-resolu-
tion, contrast-enhanced imaging of the liver, intra-abdominal
organs, small intestine, breast, prostate, and pancreas. The
THRIVE sequence provides high-resolution isotropic images
and only requires the patient to hold his or her breath for a
short time, providing suitable images in dynamic liver MR
examination. After contrast injection, the THRIVE sequence
is an important technique that allows dynamic examination of
the breast or detailed imaging of neuroanatomic structures
without contrast. Fat suppression reduces magnetic suscepti-
bility artifacts and may minimize artifacts caused by a coil or
stent. Tartari et al. [8] used the contrast and noncontrast
THRIVE sequence to visualize atherosclerotic plaques in the
extracranial segments of the carotid artery. In addition,
Panyaping et al. [24] compared the contrast-enhanced
THRIVE sequence with MR venography in cases of dural
venous sinus thrombosis. In that study, MR venography ex-
amination of dural venous sinuses in 98 patients was

compared with contrast-enhanced 3D THRIVE results.
Compared to the 11 dural sinus thromboses detected in the
MR venography examination, the 3D THRIVE examination
revealed a sensitivity of 81.8% and a specificity of 92%.

To the best of our knowledge, there are no data that indicate
that the THRIVE sequence has been used in intracranial an-
eurysms. The perfect match determined between THRIVE
and CE-MRA in the current study is important in that a
THRIVE examination, which can be performed without con-
trast, gives almost similar results to that of CE-MRA. The
THRIVE sequence can be safely chosen for patients with im-
paired renal function. Allergic reactions caused by the use of
contrast media are eliminated, and there is no risk of
nephrogenic systemic fibrosis. In venous structures, a hyper-
intense appearance can be observed in the CE-MRA exami-
nation, especially when the contrast timing is not suitable, and
can be seen with the entry slice phenomenon or flow-related
enhancement. This may be a disadvantage because it causes
venous overlap in occlusion grading [25]. This is particularly
evident at the level of the skull base and in middle cerebral
artery aneurysms. Venous overlap with similar features can be
seen in the THRIVE sequence. The current study can be con-
sidered valuable in that it demonstrates the applicability of the
THRIVE sequence in intracranial aneurysms. However, more
comprehensive studies are needed in this regard.

There were some limitations to this study. First, the sample
size was small. Second, data were collected retrospectively.
Third, MRA was not compared to DSA. Fourth, there was no
evaluation of posttreatment follow-up processes and changes
in aneurysm occlusion rates. Finally, no classification was
performed according to stent types.

Conclusion

MRA can be considered an important method in the follow-up
of intracranial aneurysms treated with endovascular aneu-
rysms compared to the invasive method of DSA. In this study,
the THRIVE sequence was used in addition to the standard
MRA examination, and the findings demonstrate that the
THRIVE sequence can be safely chosen for patients with im-
paired renal function. Further studies are needed with larger

Eligible cases n=66

Reference Standard: 
CE-MRA n=66

Index Test Compa�ble
Cases

TOF-MRA

n (%)=54/66 (81.8%)

THRIVE 

n (%)=61/66 (92.42%)

Fig. 6 Diagram reporting flow of cases though the study

Table 4 Comparison of TOF and
THRIVE aneurysm occlusions THRIVE Total Statistics

Class 1 Class 2 Overall fit κ p

TOF Class 1 50 (98%) 7 (46.7%) 57 (86.4%) 87.88% 0.594 < 0.001
Class 2 1 (2%) 8 (53.3%) 9 (13.6%)

Total 51 (100%) 15 (100%) 66 (100%)
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patient groups to highlight the importance of the THRIVE
sequence.
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