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ABSTRACT

OBJECTIVE: To propose modifications of orthotopic rat lung transplantation (LTx) and
construct machine learning (ML)-based positron emission tomography (PET) radiomics
models for predicting AR in rat LTx.

METHODS: Initially, 180 consecutive rat LTx were performed using the modified
technique. Twenty-eight recipient rats were served in PET experiment and set in four
groups: isograft, allograft-cyclosporinecontinuous (CSAcont), allograft-CsAdetayed, and
allograft-CsAiweek. 18F-fluorodeoxyglucose PET was acquired at weeks 3 and 6 post-
transplant, and the maximum standardized uptake value (SUVmax) and radiomics features
were extracted from PET images. The least absolute shrinkage and selection operator
algorithm was used to calculate a radiomics score (Rad-score). Eight modeling algorithms
(seven ML algorithms and one logistic regression) with six feature selection methods
were performed to develop 48 radiomics models for monitoring AR, validated using
leave-one-out cross-validation.

RESULTS: I modified a rat LTx model with easy mastery, expeditiousness, no
intraoperative complication or death. In total, 837 radiomics features were extracted from
each PET image. The SUVmax and Rad-score showed significant positive correlations
with histopathology (P <0.05). The median area under the curve (AUC) of 42 ML models
was 0.944, superior to that of 6 logistic regression models (AUC, 0.794). The optimal ML
model using a random forest modeling algorithm with random forest feature selection
method exhibited the highest AUC of 0.978 in all models.

CONCLUSION: I modified the rat LTx model and demonstrated SUVmax provided a



good correlation with AR, but ML-based PET radiomics further strengthened the power

of 18F-fluorodeoxyglucose PET functional imaging for monitoring AR in LTx.



Chapter 1: General introduction

1.1 Challenges

Lung transplantation (LTx) is the only therapeutic option for end-stage lung diseases.
Although substantial progress in LTx, both experimental and clinical settings, has been
made in the past decades, postoperative recipient survival remains short of the anticipated
goal compared with other solid organ transplantations [1, 2]. LTx recipients have a
median survival time of 6.7 years, and the 5-and 10-year unadjusted survival rates are 54%
and 32%, respectively [3, 4].

Lung allograft rejection (AR), including acute rejection and chronic rejection,
predominantly results in chronic lung allograft dysfunction (CLAD), is a major post-
transplant complication. Acute rejection, mainly including acute cellular rejection and
antibody-mediated rejection, occurs anytime with an incidence of 27.3% in the first year
after transplant and is responsible for approximately 4 % of deaths in the first 30 days
following transplantation [1]. It is a change that develops silently without obvious
symptoms which may recover with prompt treatment. In some cases, nonspecific
symptoms like shortness of breath, cough, or a low-grade fever may be presented. Over
time, it may deteriorate into CLAD, manifesting as airflow restriction and/or obstruction.
Half of all lung recipients will develop CLAD in 5 years, and this rate may increase up
to 75% ten years after surgery owing to the paucity in accurate and effective early
detection and treatment methods [5, 6]. CLAD, limiting the survival of patients after
surgery, comprises two phenotypes mainly based on pulmonary function and radiographic

findings: bronchiolitis obliterans syndrome (BOS) and restrictive allograft syndrome



(RAS) [7]. BOS is the predominant phenotype, accounting for 75-85% of CLAD cases.
Median allograft survival is approximately four years after BOS onset [8]. In contrast,
RAS is commonly presented as a more aggressive functional deterioration and has a
worse prognosis, with median allograft survival of < 2 years and first proposed by Sato
and colleagues in 2011 with approximately 25-35% of all CLAD cases [7-9]. AR and
transplant failure place a huge burden on both patients and healthcare systems, and early
detection of lung AR is of great significance for the prognosis of LTx. Therefore, accurate
early detection and prophylactic strategies against AR are urgently required to slow or

stop disease progression [4].

1.2 Transbronchial lung biopsy (TBLB)

TBLB is considered the gold standard for AR diagnosis, especially in acute rejection, and
is frequently performed for routine monitoring during the first year after transplantation,
but is limited by the likelihood of pneumothorax, bleeding, sampling error, and inter-
observer variability of biopsy interpretation [10-12]. Additionally, the airways in living-
donor lobar LTx patients are relatively smaller, which may cause difficulties in
performing bronchoscopy. Therefore, TBLB may not be performed during the entire
lifespan of the graft since its risks may outweigh the possible benefits [4]. For such a
high-risk detective strategy, noninvasive examinations with considerable sensitivity and

specificity are favored by clinicians.



1.3 Clinical symptoms and spirometry

Clinical symptoms are the straightforward way to diagnose AR. However, the early
symptoms and signs of rejection are nonspecific, and the onset of rejection and decline in
pulmonary function often occur before the onset of clinical symptoms [13, 14].
Spirometry has been found to have a sensitivity of greater than 60% for detecting acute
rejection grade A2 and higher [15]. The CLAD, including BOS, RAS, mixed, and
undefined, is primarily characterized by spirometry [7, 16]. Spirometry should be
performed continuously over a long period and is characterized by lower associated costs.
However, some allograft or extra-allograft factors can result in a persistent decline in
pulmonary function. Single LTx recipients assessed only by pulmonary function tests
(PFT) may be misdiagnosed because of the confounding effects of the native lung [17].
In addition, the evaluation of pulmonary function in pediatric LTx patients is difficult,

especially in children aged below four years [8].

1.4 Imaging examinations

1.4.1 Conventional imaging examinations

Conventional imaging examinations, including chest X-ray, Computed tomography (CT),
Magnetic resonance imaging (MRI), lung ultrasound, and others, have been reported as
the noninvasive methods for detecting AR, but the controversy remains. Chest X-ray is
relatively insensitive and non-specific to the diagnosis of acute rejection. It is difficult to
distinguish acute rejection from reimplantation response and pneumonia in the early

postoperative period by the radiographic appearance [18]. Findings on chest X-ray are



usually normal in the early stages of CLAD, which is slightly unlike those in the early
stages of acute rejection [19, 20]. Despite this, some nonspecific abnormal warning
signals for AR may be observed in chest radiographs. CT is considered the core
examination that is performed during continuous follow-up. However, previous studies
have revealed that CT imaging has limited accuracy for assessing acute rejection [21, 22].
Compared with indirect measurements such as clinical symptoms and spirometry, CT
examination may allow the direct detection of CLAD [23]. Although there is limited
information regarding the predictive value of CT in diagnosing CLAD development
before symptoms occur, CT has many advantages in identifying disease progression at
disease onset. MRI is a powerful imaging technology widely used to assess both
pulmonary function and anatomical structure. Recent studies have revealed the great
potential of the above methodologies for the early diagnosis of AR; however, confirming
their value requires more institutional and large-sample prospective studies[24-26]. Lung
ultrasound has been used in LTx, both clinical and basic studies, but it cannot reveal early

AR [27-31].

1.4.2 Positron emission tomography (PET)

18F-fluorodeoxyglucose (FDG) PET/CT can provide both functional information and
tissue details and is gradually applied to solid organ transplant examination [32-35]. In
other organ transplantations, 18F-FDG PET/CT was used for diagnosing acute or chronic
rejection and could monitor the efficacy of perioperative therapy [32, 33, 36, 37]. In the

field of lung disease, 18F-FDG PET/CT has increasingly been utilized to predict



prognosis in idiopathic pulmonary fibrosis, malignancy, infection, and diffuse
parenchymal lung disease [38-41]. Additionally, an animal study demonstrated that 18F-
FDG PET imaging could lead to the rapid differential diagnosis of infection and
inflammation due to the local availability of equipment and labeled agents [42]. In terms
of LTx rejection, PET can provide more intuitive judgments on the anatomical markers
of native and transplanted lungs during episodes of respiratory disease compared to PFTs
during episodes of respiratory disease [43]. Daly et al. [33] assessed small animal PET
imaging in a murine cardiac rejection model. It was found that PET imaging with FDG
could be used as a noninvasive, quantitative technique for serial monitoring of allograft
rejection. Chen et al. [44] demonstrated increased 18F-FDG uptake in allografts with
acute rejection in a mouse model. However, clinical data from Jones et al. indicated that
a high 18F-FDG PET signal was indicative of infection but not rejection in lung transplant
recipients [45].

Although 18F-FDG PET is a controversial method for detecting acute rejection in LTx
patients, studies on CLAD have shown positive results. A previous case report
demonstrated hypermetabolic activity by18F-FDG PET imaging in RAS patients treated
after pirfenidone treatment, which could indicate active fibroproliferation and
pleuroparenchymal changes [46]. Recently, Verleden et al. [35] conducted a retrospective
study of patients subjected tol8F-FDG PET/CT scan and reported increased pulmonary
18F-FDG uptake in patients with RAS compared with patients with BOS. Moreover, 18F-
FDG PET/CT can distinguish between the two phenotypes with a sensitivity of 76% and

a specificity of 87%. Although 18F-FDG PET/CT scan may hold great potential for



detecting CLAD, certain drawbacks need to be resolved. The high cost may limit its
routine use during follow-up. Additionally, the predictive value rather than just the

diagnostic value of PET/CT should be confirmed in the future.

1.5 Hypothesis of the project
Noninvasive examination for the detection of AR remains a challenge: advantages and
disadvantages always co-manifest. To date, no method has been demonstrated to verify
AR with unequivocally ideal specificity and accuracy. Evidence has recently shown that
radiomics was the noninvasive advanced imaging analytics with high accuracy in disease
diagnosis and treatment evaluation [47, 48]. Radiomics can quantify the spatial
correlations among image voxels that aims to relate the amount of imaging information
to clinical outcomes. The application of radiomics analysis to graft rejection was only
recently reported, with a study proposing that texture analysis applied to ultrashort echo
time MRI might be a valuable tool for distinguishing AR in a mouse LTx model [49].
However, many features correlated with AR were not extracted from the images.
Furthermore, the authors did not merge the radiomic features but only analyzed them
separately [49]. Thus, their strategy could not reveal the inherent detective ability of
radiomics for AR.

Because of its high-dimensional nature (which seems to be ever-growing as research
continues), the field of radiomics needs powerful analytical tools. Machine learning (ML),
a branch of artificial intelligence, appears to be a potential candidate for this purpose,

having shown powerful capabilities in radiological research [50]. Currently, studies
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reporting the use of ML algorithms to detect lung AR are low in number [51, 52]. Barbosa
et al. [51] reported that an ML algorithm using quantitative CT metrics could detect BOS
with an accuracy of 85%. However, they only extracted conventional CT parameters
instead of radiomic features and assessed only a single SVM model. Compared with CT,
18F-FDG PET could reveal more metabolic information from lung grafts. However, no
study has yet reported the performance of ML-based PET radiomics for the prediction of
lung AR.

Before a clinical investigation, the animal model should be placed in an important
position. An excellent animal model of LTx should reach the advantages of easy mastery,
expeditiousness, low complication rate, and high success rate. In 1989, Mizuta and
colleagues innovatively proposed the cuff technique for rat LTx [53]. Based on their cuff
technique, some modifications and improvements have been reported in the following
three decades [54-58]. Previous publications have not solved the difficulties of the cuff
technique model and often require a long learning curve. After the technique practice,
most of the performers can master the skill. However, knowing how to do and doing well
are completely different concepts. Moreover, intraoperative and postoperative
complications still cannot control in previous techniques [56, 59]. To modify the devices
and procedures for this technique may shorten and simplify complex steps, thereby

encouraging the performer to master it well.

1.6 Specific aims of the study

This study investigated the noninvasive method of AR detection using ML-based 18F-
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FDG PET radiomics in a modified rat lung transplantation model and had two main aims:
(1) To propose modifications of orthotopic LTx in a rat model, which achieved the
advantages of easy mastery, expeditiousness, low complication rate, and high success rate.
(2) To construct ML-based PET radiomics models for predicting AR and evaluate their

potential for further prediction of AR in comparison with SUVmax in a rat model.
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Chapter 2: Rat lung transplantation model: modifications of the cuff technique

2.1 Introduction

The cuff technique of the rat lung transplantation (LTx) model was first reported by
Mizuta et al. in 1989 [53]. Recently, various modifications and improvements have been
reported [54-57]. Although it has been thought that any trained surgeon could perform
this technique successfully, the difficulties and disadvantages of this model still exist and
often require a long learning curve [59]. In addition, complications such as twisted blood
vessels, pulmonary atelectasis, bleeding, and thoracic effusion still occur, although some
recipient rats survive without any symptoms [56]. Because improper devices and
procedures for this technique could lead to frustration and failure to complete one’s
training, disclosing the improvements of the devices and procedures may shorten and
simplify complex steps, thereby encouraging the trainee to continue. This chapter
describes the modifications in this cuff technique that optimize the rat LTx model, helping

to achieve successful operations in a shorter time with a lower complication rate.

2.2 Methods and material

2.2.1 Devices and instruments

Small, handheld surgical instruments and larger equipment for rat LTx were used as in
previous studies of Kyoto University [60, 61]. I have modified the device for cuff
preparation and used a petri dish attached to two foam blocks. A groove and hole were
carved on the foam blocks to match the ends of a bulldog clamp (Figure 1A). To prevent

lung tissue injury, I modified the ends of the cuff tail to round (Figure 1B).
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Figure 1: Hand-made instruments.

Cuff preparation dish. A groove and hole were carved on the foam blocks to match the
ends of a bulldog clamp (A). Modified cuff for hilar structures. The ends of cuff tail were
modified from rectangular to round (B).

2.2.2 Animals

Male Brown Norway and Lewis rats were purchased from Japan SLC, Inc. (Hamamatsu,
Japan). Models of syngeneic and allogeneic transplantation were performed as described
previously [60]. Briefly, for allogeneic transplant, nine- to ten-week-old Brown Norway
weighing about 250g are used as donors, and eleven- to twelve-week-old Lewis weighing
300g are used as recipients. For syngeneic transplant, Lewis rats are used as both donors
and recipients. Allogeneic LTx recipients were subcutaneously administered 25 mg/kg
CsA (Novartis pharma, Tokyo, Japan) on four days in the first week. All recipients were
executed 0.5g/Kg Cefazolin sodium (Nichi-Iko Pharmaceutical Co, Toyama, Japan),
30mg/Kg Methylprednisolone Sodium Succinate (Pfizer, Tokyo, Japan), and 10mg/Kg
Furosemide (Teva Takeda Pharma Ltd, Aichi, Japan) at postoperative day one and day
two. Animals were sacrificed at >2 weeks postoperatively. All rats were maintained under
specific pathogen-free conditions at the Life Science Research Building of The University
of Tokyo. Animals were fed a standard diet and provided with water ad libitum. This

study was approved by the Experimental Animal Ethics Committee of The University of
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Tokyo (No. H19-027). All procedures were performed in accordance with the guidelines

of the Institutional Animal Care and Use Committee at The University of Tokyo.

2.2.3 Time-interval definitions

The donor operation time was the interval from the incision of the donor rat to excision
of the heart—lung block. The cuff preparation time was the interval from excision of the
heart-lung block to completion of cuff placement. The cold ischemia time was defined at
the time from flushing the donor lungs in situ with ET-Kyoto solution (Otsuka, Tokushima,
Japan) to graft removal from hypothermic storage. The warm ischemia time was set as
the interval from donor lung removal from the ice until the restoration of the reperfusion.
The total procedure time was the interval from the donor’s skin incision until the closure

of the recipient’s incision (Figure 2).

| Cuff making |

Chest Closure

6.Warm ischemia /- PEEP- (Minute)

|Skin incisi0n| | ET-K flush | | Recipient anesthesia | | Reperfusion || Awake |

| Heparin |

5

Stage 1: skin incision; Stage 5: recipient preparation;
Stage 2: heparinization and flush; Stage 6: graft implantation;
Stage 3: graft retrieval Stage 7: chest closure;

Stage 4: cuff preparation; : waiting for awake.

Figure 2: Time-interval definitions.
Donor operation time: Stage 1-3; Cuff preparation time: Stage 4; Cold ischemia time:
Stage 3-5; Warm ischemia time: Stage 6; Total procedure time: Stage 1-7.
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2.2.4 Donor procedures

Donor heart-lung block retrieval was performed as in previous studies [60, 61]. The
detailed procedures are displayed in Figure 3. All rats were performed by oral intubation
on a hand-made curved metal plate. The parameter of gas anesthesia was set as follows;
sevoflurane 5% for induction and 3% for maintenance with a ventilator (FiO; 0.21, TV
10ml/kg, RR 80bpm, PEEP 0-3 cmH;0). After the hilar structures of the left main
bronchus, pulmonary artery (PA), and pulmonary vein (PV) with part of the left atrium
were dissected (Figure 4A), the hilar structures were consecutively everted around the
cuff and secured by a preparatory 6-0 slipknot (Figure 4B). The graft was rewrapped by

organ perfusate-soaked paper and stored on ice for implantation (Figure 4C).

Figure 3: Donor heart-lung block retrieval.
Expose the glottis for oral intubation (A); Parasternotomy to expose donor heart—lung
block (B); Heart—lung block retrieval (C).
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Figure 4: Cuff preparation.
Left lung graft (A); The PV were everted around the cuff and secured by a preparatory 6-
0 slipknot (B); Three hilar structures were prepared by cuff technique (C).

2.2.5 Recipient procedures

A thoracotomy incision was made from the area of a palpable cardiac impulse on the chest
wall and extended dorsally for about 3—4 cm (Figure 5A). A blepharostat was used as a
chest retractor (Speculum BANGERTER Large Right; Inami, Tokyo, Japan) to expose
the thoracic cavity (Figure 5B). The hilar structures were dissected and then clamped
distally and proximally using two Satinsky clamps (Figure 5C). The Satinsky clamps
were then fixed in plastic clay to place mild tension on the bronchovascular structures. A
“_ ”-shaped incision was made on the front wall of PA using microscissors. “V”’-shaped
incisions were made from inferior-to-superior branches of PV and bronchus (Figure 6).
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Figure 5: Recipient procedures.
Incision location (A); Expose the thoracic cavity (B); hilar structures dissection (C).
PA: pulmonary artery; Br.: bronchus; PV: pulmonary vein.
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Figure 6: Incisions on the hilar structures.

| -shaped incision was made on the front wall of the PA using micro-scissors. V-shaped
incisions were made from the inferior-to-superior branches of PV and bronchus.

PA: pulmonary artery; Br.: bronchus; PV: pulmonary vein.

Here, I first proposed the “pendulum model” method for implantation. Briefly, the
bronchus was implanted first. The native bronchus and cuff body were secured using a
preparatory 6-0 nylon knot positioned loosely around the recipient bronchus. The superior
bifurcation of the bronchus was excised to eliminate any overlaps between the bronchus
and the PA. The donor lung was then repositioned to allow a PA anastomosis without
tension. The donor lung was repositioned again to allow the creation of the PV
anastomosis without tension. The PA and PV were implanted in an analogous fashion as
with the bronchus (Figure 7). After excising the left native lung parenchyma, the end rim

of the native structures was cut for debonding before reperfusion (Figure 8).
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Figure 7: The “pendulum model” for hilar structures implantation.

The bronchus was implanted and secured using a preparatory 6-0 nylon around the
recipient bronchus. The graft was then repositioned to allow a PA anastomosis without
tension. The donor lung was repositioned again to allow the creation of the PV
anastomosis without tension. PA: pulmonary artery; Br.: bronchus; PV: pulmonary vein.
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Figure 8: End rim of the native structures.
The end rim of native structures was cut for debonding before reperfusion (yellow V).

2.2.6 Assessment of chest-radiography and histology

Post-transplantation rats underwent chest plain radiography on postoperative day 7 to
screen for complications such as atelectasis or recorded complications at the time of
sacrifice. For routine histological evaluation, lung grafts were fixed in 10% formalin,

embedded in paraffin, sectioned into 4-um thickness, and stained with hematoxylin-eosin.

2.2.7 Statistical analysis

Results were expressed as means = SD. The results were analyzed by SPSS 24.0 software

(IBM, Armonk, NY, USA).
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2.3 Results

2.3.1 Key tricks and modifications on techniques and devices

The following devices and techniques were improved and modified (Table 1).

(1) Regarding the devices, I modified the cuff preparation plate, which now contains a
petri dish attached to two foam blocks. A groove and hole were carved on the foam blocks
to match the ends of a bulldog clamp. This modified plate stabilized the operation, was
less injurious, and made the procedure easier to master.

(2) When locating the incision site on the recipient, the region of apical impulse, or
palpable cardiac impulse on the chest wall, was first confirmed and then extended dorsally
for about 3—4 cm. This position was located more easily and was suitable for the following
implantation. Before implantation, a “_| ”-shaped incision was made on the PA, and “V”-
shaped incisions were made on the PV and bronchus. These improvements made
implantation easier and lacerations on the structures less likely to occur.

(3) The “pendulum model” method was used for implantation. First, the bronchus was
implanted. Thereafter, the donor lung was repositioned to close the PA and PV, thereby
allowing a tension-free anastomosis. In addition, I modified the cuff with a round tail,
used the slip-knots for cuff preparation, and debonded the end rim of the native structures

after implantation.
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Table 1: Key tricks and modifications on techniques and devices

Items Previous status Modifications Advantages
Preparation  Petri dish only Two foam blocks with a Keep stable, cause less
plate petri dish (Figure 1) injury, easy to master
Cuff Rectangular tail Round tail (Figure 2) Prevent accidental injury
Recipient 3rd/4th Region of the apical Easily confirm the correct
thoracotomy Intercostal space impulse skin site for the incision
Hilum Transverse or - (1) _L -shaped incision (1) Prevent laceration of
structure shaped incision on for PA pulmonary artery
incisions the front wall (2) V-shaped incisions on (2) Easily implanted and
the bifurcations of the PV  free of laceration
and bronchus (Figure 3)
Implantation Single  direction “Pendulum model” for Easy for implantation
with PV or PA first implantation
Reperfusion No record Cut the end rim of native Prevent compression after

structures

(Figure 4)

reflation and reperfusion

PA: pulmonary artery; PV: pulmonary vein.

2.3.2 Outcomes of rat LTx

In a consecutive series, 180 (syngeneic 33, allogeneic 147) anastomoses were completed

without lacerations, twisting, or angulation of intraoperative bronchovascular structures

and without bleeding at the vascular anastomosis. There were no intraoperative deaths,
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pneumothorax, or vessel thromboses. Partial or complete pulmonary atelectasis was
observed in 10 cases (5.6%). Five deaths (2.8%) were found at a follow-up time of 3—7

days, most likely due to pleural effusion.

2.3.3 Operation time of rat LTx of all procedures

The mean weights of the rats at the time of transplant of Lewis and Brown Norway rats
were 239.7 £42.8 g and 291.2 £23.0 g, respectively. The mean operative times of heart-
lung block retrieval, cuff preparation, cold ischemia, warm ischemia, and total procedure
time are seen in Table 2.

Table 2: Overall operative time for rat lung transplantation

Single procedure Operative time (min)
Heart-lung block retrieval 8.4+0.8

Cuff preparation 8.1x1.4

Cold ischemia 26.442.2

Warm ischemia 8.1+1.2

Total procedure 48.0+2.8

* Heart—lung block retrieval: from the incision on donor rat to excision of heart-lung
block.

* Cuff preparation: from excision of left donor lung to completion of cuff placement.

* Cold ischemia: from flushing the donor lungs in situ with ET-Kyoto solution to graft
removal from hypothermia storage.

* Warm ischemia: from donor lung removal from ice until the restoration of reperfusion.
* Total procedure: From donor skin incision until the closure of the recipient incision.
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2.4 Discussion

Although several studies have introduced technical modifications for rodent LTx after
Mizuta and colleagues first reported the cuff technique [53], some critical and challenging
key procedures have not been described. Rat LTx remains a difficult procedure,
necessitating a long learning curve. In this study, I modified the operative devices and the
cuff techniques to make it easier to master the procedure with a low complication rate and
a high success rate. Because it is a more expeditious operation, the ischemic times were
shorter than those in a previous study [53] with fewer complications and no intraoperative
deaths.

Only a few studies have reported on the instruments used for cuff preparation, although
instruments can determine the success of this technique in the rat LTx model. Sugimoto
et al. [62] used a petri dish for cuff preparation. With their technique, the donor lung was
compressed and unstable when the cuff was created. A previous study reported the cuff
preparation time at 18.7 minutes, which is more than twice my technique [57]. I
introduced a modified cuff preparation plate to stabilize the cuff preparation, make it
easier to master and more expeditious. With this improved device, the cuff preparation
time was only 8.1 min, with no structural lacerations in my series.

The skin incision of the recipient is important for transplantation. It is impossible to
measure the intercostal space on a rat before surgery. However, most previous reports that
described the incision location relied on different intercostal spaces [55-57, 59, 63, 64].
Habertheuer et al. [65] started the skin incision 1 cm below the inferior margin of the

scapula, which is unreliable because the scapula is easily mobilized. In this series, I
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located the region of palpable cardiac impulse on the chest wall. This apical impulse
region is at the third or fourth intercostal space level, as previously described [56, 59, 64,
66]. However, it seems more valuable to follow this apical impulse when performing rat
LTx. This series showed no failures in placing a suitable incision.

Another key trick is to locate the incisions on the recipient’s PV, bronchus, and PA. An
expeditious technique is essential to shorten the warm ischemia period and minimize
pulmonary injury. Most of the previous reports made a transverse incision on the front
wall of the recipient’s hilar structures [55, 62, 65, 67, 68]. Guo et al. [57]made the incision
in a “ |- shape toward all the structures. Jungraithmayr et al. [69] made the incision on
the lower branch of the PV. I first introduced the “V”-shaped incisions from the inferior-
to-superior branches on the PV and bronchus cuffs. This “V”’-shaped incision follows a
wide rim of structure ostium, which allows the donor graft to be easily implanted without
laceration. To match the lengths of the Br and PV, the “_| ”-shaped incision is made on
the front wall of the PA, which can well prevent proximal laceration at implantation. Guo
et al. [57] reported a 5% intraoperative failure rate of their technique due to bleeding and
pulmonary vein injury during the operation. This study showed no intraoperative failures
with hilar structure lacerations.

The “pendulum” model for implantation was proposed in this study. Previous
investigators often chose vessels as the first step. Rajab et al. [64] addressed PV first,
followed sequentially with the bronchus and PA. Sugimoto et al. [62] went in the opposite
direction, with the PA, bronchus, and PV, respectively. In this study, I anastomosed the

bronchus first because, compared with vessels, it is structurally solid and easy to
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anastomose without laceration. In addition, I cut the superior bifurcation of the bronchus
before the PA anastomosis because the bronchus and PA are always located adjacent to
each other. Previous studies have not been concerned about the rim of the native hilum
structures before reperfusion. Because the rim of the structures may contract and
compress the graft structures, I cut the rim of the native structures to release them. With
this technique, no vessel thrombosis, inadequate blood supply, or airway compression
occurred after reperfusion and reinflation. Regarding the implantation time, previous
studies reported an implantation time (warm ischemia time) of 15.2-20.0 min [57, 59,
65]. The warm ischemia time was only 8.1 min with this modified implantation technique.

Previous studies also showed follow-up survival rates of < 90%. The intraoperative
deaths were mainly due to pleural effusion, venous cuff failure, or pyothorax [53, 57, 65].
Habertheuer et al. [65] reported about 18.9% of cases were lost because of severe pleural
effusions during the postoperative period. With this approach, the total follow-up survival
rate was 97.2% (175/180), with no intraoperative deaths. A high success rate not only
saves cost and time, but can also strengthen the operator’s confidence during surgery. All
five deaths in this study were most likely due to pleural effusion. Minor bleeding from
intercostal muscles is difficult to detect and may have caused pleural effusion. As effusion
accumulates, it may compress the grafted lung, causing a life-threatening complication.
Thus, careful inspection is necessary before chest closure.

Pulmonary atelectasis is a common, severe complication of rat LTx. Although a rat can
survive without apparent symptoms, the animal may not be used for further evaluation.

In this study, only 5.6% of rats experienced graft atelectasis during the follow-up period,
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which appears to be an acceptable result for the rat LTx model. In this series, the post-
LTx complications and follow-up deaths were rare. Reperfusion injury, a significant cause
of graft injury, is related to the ischemia time. A decrease in reperfusion pressure is

thought to minimize this complication [70-72].

2.5 Conclusions

I developed modifications of devices and procedures of the cuff technique for the rat LTx
model. The advantages of this modified cuff technique include its expeditiousness, low
complication rate, and high success rate. These improvements could further facilitate rat

LTx in a feasible, reproducible manner.
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Chapter 3: Noninvasive monitoring of allograft rejection in a rat lung transplant
model: Application of machine learning-based 18F- fluorodeoxyglucose positron
emission tomography radiomics
3.1 Introduction
Although lung transplantation (LTx) is the optimal treatment for end-stage lung diseases
[73], allograft rejection (AR) is a significant complication limiting patient survival after
LTx, even though new and effective immunosuppressive drugs have been introduced [74,
75]. AR involves a change that develops silently without apparent symptoms. Timely
diagnosis of AR is crucial for allograft function and a good prognosis of LTx [76].
Currently, lung biopsy is the only method that can accurately diagnose AR. However,
biopsy can damage the lung graft and is regarded as a contraindication in patients taking
anticoagulant treatment. Moreover, the limited sampling of tissue biopsies may lead to
false-negative results [77]. Therefore, there is an ongoing search for new noninvasive
strategies to diagnose AR [78].

18F-fluorodeoxyglucose (18F-FDG) positron emission tomography (PET) has the
potential to be more effective than common imaging modalities when applied to organ
transplants because changes in graft metabolism commonly occur before anatomical
changes [33, 79]. However, only scattered studies have described PET as a noninvasive
approach for quantifying lung AR. Findings from Chen and colleagues [44] revealed that
increased T-cell glucose uptake reflected AR in lung grafts which was potentially
assessed by 18F-FDG PET. Moreover, standardized uptake values (SUVs) derived from

18F-FDG PET were demonstrated to be valuable quantitative measurements with good
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detective ability for lung AR [44, 45]. Recently, in fields other than AR, accumulating
evidence has shown that radiomics, a noninvasive advanced imaging analysis method,
typically has high accuracy in disease diagnosis and is effective for evaluating treatments
[47, 48]. Radiomics is a new and developing field in medical imaging and can quantify
spatial relationships among image voxels with the aim of relating imaging information to
clinical outcomes. Because of its high-dimensional nature (which seems to be ever-
growing as research continues), the field of radiomics needs powerful analytical tools.
Machine learning (ML), a branch of artificial intelligence, appears to be a potential
candidate for this purpose, having shown powerful capabilities in radiological research
[50]. Currently, studies reporting the use of ML algorithms for the detection of lung AR
are low in number [51, 52], and no study has yet reported the performance of ML-based
PET radiomics for monitoring lung AR.

Using a rat LTx model, I extracted the maximum standardized uptake value (SUVnax)
and radiomic features from regions of interest (ROIs) in PET images. I evaluated
correlations between the pathological results and the SUV max and radiomics score (Rad-
score), with this latter value being calculated from selected radiomic features. I used eight
modeling algorithms (seven ML algorithms and one logistic regression [LR]), with six
feature selection methods to construct 48 radiomics models for monitoring AR, and

evaluated their potential for further monitoring of AR in comparison with the SUVmax.

3.2 Materials and methods

3.2.1 Animals and the orthotopic left LTx model
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This study was approved under license number H19-027 from the Experimental Animal
Ethics Committee of The University of Tokyo. All procedures complied with the
Institutional Animal Care and Use Committee guidelines at The University of Tokyo.
Male Brown-Norway rats aged 8—10 weeks and male Lewis rats aged 10—12 weeks were
purchased from Japan SLC, Inc. (Hamamatsu, Japan). I used the “pendulum” rat LTx
model, which I reported previously for this study [80]. All rats were performed by oral
intubation on a hand-made curved metal plate. The parameter of gas anesthesia was set
as follows; sevoflurane 5% for induction and 3% for maintenance with a ventilator (FiO-
0.21, TV 10ml/kg, RR 80bpm, PEEP 0-3 cmH>0). All rats were fed ad libitum and
maintained under specific pathogen-free conditions for the first week post-transplant. A
week after transplant, all rats were kept in a conventional room for further PET
examinations. Allogeneic and syngeneic transplantation models were performed as in
previous literature [80]. Briefly, for the allogeneic model, the Brown-Norway rats and
Lewis rats were used as donors and recipients, respectively. The allogeneic recipients
were subcutaneously administered 25 mg/kg cyclosporine (CsA; Novartis Pharma,
Tokyo, Japan) on post-transplant days 1, 2, 4, and 7. Lewis rats were used for the

syngeneic model as both donors and recipients.

3.2.2 Treatment protocols in different groups
The treatment protocols are summarized in Figure 1. In brief, rats in the isograft group
(n = 8) received no immunosuppressive drugs after LTx. In the allograft-

cyclosporinecontinuous (CSAcont) group (n = 8), rats were subcutaneously administered CsA
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until the study endpoint. In the allograft-CsAiweek group (n = 8), CsA administration was
ceased after the first week. In the allograft-CsAdelayed group (n = 4), CsA administration
was ceased after the first week but then recommenced after three weeks. Due to the same
protocol being processed for the allograft-CsAgetayed group and allograft-CsA week group
in the first three weeks, I only set the time point for the allograft- CsAiweek group at week
3. The allograft-CsAdelayed group was developed to achieve the following aims. First, to
mimic the clinical situation of the therapeutic process for AR. Second, to dynamically
monitor the therapeutic effect on AR by PET prior to and after recommenced CsA therapy.
Third, to further confirm the existence of AR at week 3 in both the allograft-CsAuelayed
group and allograft-CsA jweek group. Because immunosuppression therapy is effective for
AR but not the infection. Each rat underwent PET scanning only once at week 3 or 6 and
was sacrificed for histopathology subsequently. The PET images, along with

corresponding histopathological results were included in the following analysis.

Left lung transplant
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m CsA maintenance term, 25mg/kg, 2 times/week V 8F-FDG PET scan & Sacrifice for pathology

Figure 1: Treatment protocols in the different groups.

Isograft: No immunosuppressive drugs (CsA) after LTx.

Allograft-CsAcont: CsA administered twice-weekly until the endpoint.
Allograft-CsAiweek: CsA administration was ceased after the first week.
Allograft-CsAgelayed: CsA administration was ceased after the first week then
recommenced after the third week. CsA, cyclosporine; 18F-FDG, 18F-
fluorodeoxyglucose; PET, positron emission tomography.
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3.2.3 Histopathological evaluation

After 18F-FDG PET scanning, a pre-set number of rats in each group were sacrificed,
and the transplanted grafts were retrieved and fixed in formalin overnight. Serial 4-um
tissue sections were stained with hematoxylin-eosin (HE) and Masson’s trichrome (MT)
stains. Histopathological evaluation was performed according to the AR criteria for A-
and B-grade rejections formulated by the International Society for Heart and Lung
Transplantation [81] as previously reported and briefly described in Table 1. The AR
criteria were scored for five random HE-stained slides observed at 100x magnification.
Because of overlapping rejection features in the rat LTx model, acute rejection and
chronic rejection are not readily discriminated by a fixed time point. Therefore, I used
Imagel version 1.49 (National Institutes of Health, Bethesda, MD) to evaluate the
percentage of parenchymal fibrosis [Fibrosis-(%)] to represent the possible level of
chronic rejection, in addition to estimating A- and B-grade rejection. The Fibrosis-(%)
was also scored for five random slides observed at 100x magnification. One pathologist
and one thoracic surgeon performed the evaluations in a blinded manner and discussed
conflicting results to reach a consensus. According to the histopathological results, AR
was defined as an A- or B-grade rejection score > 1.

Table 1. Classification and grading of pulmonary allograft rejection.

A: Acute rejection (perivascular mononuclear cell infiltrates)
Grade 0—none
Grade 1—minimal

Grade 2—mild
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Grade 3—moderate
Grade 4—Severe
B: Airway inflammation (lymphocytic bronchitis and bronchiolitis)
Grade 0—none
Grade 1R—low grade
Grade 2R—high grade
Grade X—ungradeable

C: Chronic airway rejection—obliterative bronchiolitis

O0—absent
l—present
D: Chronic vascular rejection—accelerated graft vascular sclerosis

“R” denotes revised grade to avoid confusion with the 1996 scheme.

3.2.4 Imaging acquisition

The rats were fasted for at least 4 hours before undergoing an 18F-FDG PET scan. Each
rat was administered 20 MBq (0.54 mCi) 18F-FDG (Nihon Medi-Physics Co., Ltd.,
Tokyo, Japan) intravenously via the tail vein under anesthesia. After tracer administration,
the rats were placed back in their cages for 50 minutes to allow tracer uptake, and then a
20-minute emission scan was acquired using a micro-PET scanner (ClairvivoPET,
Shimadzu Corp., Kyoto, Japan), with the rats under 1.5% isoflurane mask-inhalation
anesthesia. One experienced nuclear medicine physician and one thoracic surgeon
examined all PET images. Images were reconstructed using a 3D iterative dynamic raw-

action maximum likelihood algorithm with two iterations, and a 1.4-mm full width at half
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maximum Gaussian filter was applied. Attenuation correction was performed using an

attenuation map calculated from an emission image.

3.2.5 Image analysis

3.2.5.1 18F-FDG PET quantification

I selected one PET image layer of left lung allograft with highest tracer uptake for
delineation using 3D slicer software (Version 4.10.2, https://www.slicer.org). The
selected PET images were quantified by drawing an ROI (Figure 2). The SUVnax was
normalized for body weight and injection dose, and a time-decay correction was also
performed for the time from injection-dose measurement to the data acquisition. For each
rat, one thoracic surgeon and one radiologist defined the ROI on the 18F-FDG PET image
and then reached a consensus on the contouring. PET images with various degrees of

tracer uptake from all recipient rats were included together for further radiomics analysis.

Figure 2: The region of interest delineation process in a rat PET image.

The rat heart (H), spine (S), and left chest wall (C), which are adjacent to the lung (L),
often presented higher tracer uptake than the normal pulmonary parenchyma (A).
Therefore, the border of the lung graft was easily identified and manually delineated the
target layer of the left lung allograft that represented the region of interest (B).
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3.2.5.2 Radiomic feature extraction
Radiomic features were extracted from the ROI using the PyRadiomics package in Python
[82]. First-order, gray level co-occurrence matrix, gray level run length matrix, gray level
size zone matrix, neighboring gray-tone difference matrix, and gray level dependence
matrix features were extracted from the original and wavelet-transformed images. The
wavelet-transformed images were derived from the original image using filters with eight
frequency band combinations [83].

Full descriptions and mathematical definitions of the radiomic features described
above can be found online (https://pyradiomics.readthedocs.io/en/latest/). Min-max

normalization was used to preprocess all radiomic features.

3.2.5.3 Radiomics score (Rad-score) calculation

The least absolute shrinkage and selection operator (LASSO) regression, a logistic
regression (LR) with an L1 penalty, was used to identify the radiomic features for
constructing a Rad-score. The training data of LASSO regression contains all rats at
weeks 3 and 6. Five-fold cross-validation was used for penalty parameter tuning. The
Rad-score of each rat was calculated from the selected radiomic features, using

coefficients weighted according to the results of the LASSO regression.

3.2.5.4 Machine learning models
The models were trained by the radiomic features from all rats for AR classifiers. To avoid

overfitting and the curse of dimensionality, six feature-selection methods were used in
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the analysis. These methods were divided into three categories: filter methods (distance
correlation, information gain), wrapper methods (recursive feature elimination, Boruta
algorithm), and embedded methods (random forest [RF], LASSO) [84]. Based on a
corresponding score, I selected the top 10 highest-scoring features for the filter methods.
For wrapper and embedded methods, all the optimal features were calculated
automatically.

Furthermore, one conventional LR and seven ML algorithms (support vector machine,
RF, artificial neural network, extreme gradient boosting, k-nearest neighbors, naive Bayes,
and adaptive boosting) were used for fitting AR classifiers. The six subsets of selected
radiomic features were used by each of the eight modeling algorithms; hence, a total of
48 models (6*8 = 48) were developed, including 42 ML models (6*7 = 42). I named these
models as the names of feature selection and modeling methods.

The performance of these models was assessed using the area under the curves (AUCs)
of the receiver operating characteristics (ROC). The optimal model was determined by
the AUC value. Additionally, I calculated the AUC on SUVmax to compare the optimal
model. Decision curve analysis (DCA) was performed to assess the net benefit of
SUVmax and the optimal model at different threshold probabilities. The leave-one-out
cross-validation (LOOCV) was applied in the performance validation process, as in
previous literature [85, 86]. A schematic illustration of the ML-based 18F-FDG PET

radiomics for monitoring AR in a rat LTx model is shown in Figure 3.

36



LTx and PET Scan =P Histology & Radiomic Feature Extraction Correlation and Comparison

Expression pattern

Correlation analysis

N , & ; (Radiomic features vs. Histology) i (Rad-score vs. Histology)
<~ 3 : ! L g
a'. s ! i i N
AN ’
e 3 i1 -
Lo E
=
Lung graft Histology k ) Signature calculation b b
bt (Masson & HE) - (LASSO regression) R o Sy
Intercorrelation Comparison
(All radiomic features) (Rad-score)
First-order Machine Learning Model Development
N
Feature selection 1
Texture methods |
1 Determine
| .
|'=> the optimal
ROI delineation | model
[) Modeling algorithms |
7

PET scan Radiomic features / | S = = - e - - - - - - -
L / /ali Y t cross-validati

Figure 3: Schematic illustration of machine learning-based 18F-FDG PET
radiomics for predicting allograft rejection in a rat lung transplantation model.
18F-FDG, 18F-fluorodeoxyglucose; PET, positron emission tomography; LTx, lung
transplantation; ROI, region of interest; HE, hematoxylin-eosin; LR, logistic regression;
ANN, artificial neural network; SVM, support vector machine; RF, random forest.

3.2.6 Statistical analysis

Statistical analysis and modeling were conducted using R software (Version: 3.62,
https://www.r-project.org/). Quantitative variables are presented as mean + standard
deviation, and categorical variables are presented as number and percent. The SUV nax
and Rad-score (calculated by the same formula) were evaluated for each group and at
each time point (weeks 3 and 6). Spearman’s and Pearson’s correlation coefficients were
used to explore correlations between image parameters (SUVmax and Rad-score) and
pathological rejection criteria (A-grade, B-grade, and Fibrosis-[%]) in all rat recipients.
Unsupervised cluster analysis was performed to examine further connections between the
radiomic expression patterns and AR criteria. One-way analysis of variance (ANOVA)

with the least-significant difference test and #-tests were used for continuous variables,
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while the chi-square test was used for categorical variables. A P-value < 0.05 was

considered statistically significant in all analyses.

3.3 Results

3.3.1 Histopathological assessment

All the transplanted rats survived until the endpoint, except one death due to deep
anesthesia when scanning in the isograft group at week 3. This rat was excluded from the
study. At weeks 3 and 6, the isograft, allograft-CsAcont, and allograft-CsAdelayed groups
showed minimal mononuclear cell infiltration around vessels or bronchioles and no
fibrosis, whereas the allograft-CsA1week group showed severe perivascular and interstitial

mononuclear cell infiltration, as well as fibrosis around large airways (Figure 4).
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Figure 4: The microscopic findings and *F-FDG PET images of lung grafts.

The microscopic findings and '®F-FDG PET images are shown for each group at week 3
(A) and week 6 (B). At weeks 3 and 6, the isograft, allograft-CsAcon, and allograft-
CsAdelayed groups showed minimal infiltration of mononuclear cells around vessels or
bronchioles and almost no evidence of fibrosis, whereas the allograft-CsA week group
showed severe perivascular and interstitial mononuclear cell infiltrates, as well as fibrosis
around relatively large airways. The allograft-CsAiweek group showed higher tracer
uptake than other groups at weeks 3 and 6, corresponding with histopathological results.
BF-FDG, !8F-fluorodeoxyglucose; PET, positron emission tomography; CsA,
cyclosporine; MT, Masson’s trichrome; HE, hematoxylin-eosin.
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At week 3, the allograft-CsA 1week group showed significantly worse rejection outcomes
than both the isograft and allograft-CsAcont groups according to the AR criteria for A- and
B-grade rejection and Fibrosis-(%) (P <0.05) (Table 2 and Figures SA, 5B, 5C). At week
6, the allograft-CsAweek group showed significantly higher AR criteria than the isograft
group (P < 0.05). Compared with the allograft-CsAgelayed group, the allograft-CsAiweek
group exhibited a higher value in both A-grade rejection and Fibrosis-(%) (P < 0.05).
However, B-grade rejection and Fibrosis-(%) in allograft-CsAcon: group showed higher
value than isograft group at week 6 (P < 0.05) (Table 3 and Figures 5D, 5E, SF).
Furthermore, significant decreases in A-grade rejection and Fibrosis-(%) were found from
week 3 to week 6 in the allograft-CsAgelayed group (P < 0.05) (Figure 5G, SI). Although
a trend of decreased B-grade rejection was observed in the allograft-CsAgelayed group from

week 3 to 6, the difference was not significant (P = 0.113) (Figure SH).

Table 2. Histopathologic AR criteria of the transplanted lung grafts at week 3.

AR Criteria Isograft Allograft-CsA cont Allograft-CsA week
A-grade (0/1/2/3/4) 1 4/0/0/0/0 2/2/0/0/0 0/1/3/0/0

B-grade (0/1/2) 4/0/0 3/1/0 0/3/1

Fibrosis-(%) § 9.89+1.34 13.39+1.93 26.68+7.94

1: Pathological grades (Stewart et al., J Heart Lung Transplant. 2007; 26: 1229-1242.);
i: Fibrosis-(%) (Saggar et al., Am J Transplant. 2008; 8: 1921-1930.).

AR, allograft rejection; CsA, Cyclosporine; Fibrosis-(%), percentage of parenchymal
fibrosis.
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Table 3. Histopathologic AR criteria of the transplanted lung grafts at week 6.

AR Ceriteria Isograft Allograft- Allograft- Allograft-
CsAcont CsAdgelayed CsAiweek
A-grade (0/1/2/3/4) ¥ 3/0/0/0/0  1/1/2/0/0 2/2/0/0/0 0/0/3/1/0
B-grade (0/1/2) 3/0/0 1/3/0 2/2/0 0/4/0
Fibrosis-(%) § 9.97+1.78 17.10+3.88 11.93£2.60 28.28+3.99

1: Pathological grades (Stewart et al., J Heart Lung Transplant. 2007; 26: 1229-1242.);
i: Fibrosis-(%) (Saggar et al., Am J Transplant. 2008; 8: 1921-1930.).

AR, allograft rejection; CsA, Cyclosporine; Fibrosis-(%), percentage of parenchymal
fibrosis.
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Figure 5: Histopathological assessment on AR criteria of lung grafts.
Histopathologic AR criteria of A- and B-grade rejection and Fibrosis-(%) for each group
at week 3 (A, B, C) and week 6 (D, E, F). Changes in the AR criteria from week 3 to

week 6 (G, H, I).

*P<0.05, ** P<0.01, *** P<0.001.
AR, allograft rejection; CsA, Cyclosporine.
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3.3.2 Correlations between SUVmax and histopathological results

The allograft-CsA1week group showed higher tracer uptake than the other groups at weeks
3 and 6, corresponding with the histopathological results (Figure 4). The SUV .y in the
allograft-CsA1week group was significantly higher than that in the isograft group (P=10.011)
at week 3 (Figure 6A) and significantly higher than those in the isograft (P = 0.002) and
allograft-CsAdelayed (P = 0.001) groups at week 6 (Figure 6B). In addition, the SUV payx in
allograft-CsAcont group showed significant higher value than isograft and allograft-
CsAgelayed group at week 6 (P < 0.05) (Figure 6B). There was a significant decline in
SUVmax between weeks 3 and 6 in the allograft-CsAelayed group (P = 0.014) (Figure 6C).
Pearson’s correlation analysis for all recipient rats indicated that SUVmax was correlated
with the AR criteria of A-grade rejection (» = 0.686, P < 0.001), B-grade rejection (» =

0.573, P=10.002), and Fibrosis-(%) (» = 0.681, P <0.001) (Figure 6D, E, F).
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Figure 6: Correlations between SUVmax and histopathological AR criteria.
The SUVmax of each group at week 3 (A), week 6 (B), and changes in SUV nax from week
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3 to week 6 (P=0.014) (C).

*P<0.05, **P<0.01, *** P<0.001

1, Pearson’s correlation coefficient; AR, allograft rejection; CsA, Cyclosporine; Fibrosis-
(%), percentage of parenchymal fibrosis; SUVmax, maximum standardized uptake value.

3.3.3 Radiomic feature selection and Rad-score calculation

In total, 837 radiomic features were extracted from each ROI. A large number of radiomic
features showed an acceptable correlation with the histopathological results (Figure 7).
The internal correlation matrix revealed that most of the 837 extracted radiomic features
contained similar information (Figure 8). Unsupervised clustering analysis demonstrated
two clusters of rats were significantly different in terms of A- and B-grade rejection and

Fibrosis-(%) (P = 0.002, 0.007, and 0.027, respectively) (Figure 9A).

A-grade

I | V
B-grade

Fibrosis-(%)

Radiomic Features

Figure 7: Heat map of the correlations between radiomic features and
histopathologic AR criteria.

A large number of the radiomic features and histopathologic AR criteria of A- and B-
grade rejection and Fibrosis-(%) were significantly correlated.

A- and B-grade rejection (Stewart et al., J Heart Lung Transplant. 2007; 26: 1229-1242).
Fibrosis-(%) (Saggar et al., Am J Transplant. 2008; 8: 1921-1930).

AR, allograft rejection; Fibrosis-(%), percentage of parenchymal fibrosis.
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Figure 8: Heat map of the internal correlation matrix for the 837 radiomic features.
A total of 837 radiomic features were extracted, and most of them represented similar
information.

Of all the radiomic features, seven with nonzero coefficients in the LASSO regression
were selected as AR-related features: original GLCM Informational Measure of
Correlation (IMC) 2, original GLCM_ Maximum Probability, original GLDM_Gray
Level  Non-Uniformity = (GLN), original. GLRLM Run  Variance  (RV),
original NGTDM_Busyness, wavelet. LHL first-order Median, and
wavelet. LLL GLCM_MCC (Figures 9B, C). The Rad-score for each rat was calculated
using these seven AR-related features as follows: Rad-score =0.29956341 + (0.04668723

x original GLCM_IMC 2) + (—0.27938774 x original GLCM_Maximum Probability) +
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(—0.41407356 x original GLDM_GLN) + (—0.04741756 x original GLRLM_ RV) +
(—0.08513070 x original NGTDM Busyness) + (—0.32144870 x wavelet. LHL first-
order Median) + (0.08608483 x wavelet. LLL GLCM_MCC).
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Figure 9: Radiomics heat map and feature selection.

A total of 837 radiomic features were extracted.

(A) Unsupervised clustering analysis revealed that radiomic expression patterns were
significantly associated with histopathological A-grade (P = 0.002) and B-grade (P =
0.007) AR criteria and Fibrosis-(%) (P = 0.027).

(B) Optimal feature selection according to AUC values. When the value In (A) increased
to —1.878, the AUC reached a peak corresponding to the optimal number of radiomic
features.

(C) LASSO coefficient profiles of the 837 radiomic features. A vertical line was drawn
at the value identified by 5-fold cross-validation, at which the optimal A resulted in seven
nonzero coefficients.

AR, allograft rejection; Fibrosis (%), percentage of parenchymal fibrosis; LASSO, least
absolute shrinkage and selection operator.
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3.3.4 Correlations between Rad-score and histopathology results

At both weeks 3 and 6, the Rad-scores of the allograft-CsAweek group were significantly
higher than those of all other groups (P < 0.05) except the allograft-CsAcont group at week
6 (P =0.138) (Figures 10A, B). In addition, the Rad-score in the allograft-CsAcont group
showed a significantly higher value than the isograft group at week 6 (P < 0.05) (Figures
10B). From week 3 to 6, there was an apparent decline in the allograft-CsAgetayed group
but not significant (P = 0.108) (Figure 10C). The Rad-score for all recipient rats showed
high positive correlations with A- and B-grade rejection and Fibrosis-(%), with
coefficients of 0.857, 0.826, and 0.769, respectively (P < 0.001) (Figures 10D, E, F).
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Figure 10: Correlations between Rad-score and histopathological AR criteria.

The Rad-score of each group at week 3 (A), week 6 (B), and changes in Rad-score from
week 3 to week 6 (C).

The Rad-score showed a positive correlation with A- (D) and B-grade rejection (E) and
Fibrosis-(%) (F) with coefficients of 0.857, 0.826 and 0.769, respectively (P < 0.001).
*P<0.05, ** P<0.01, ** P<0.001

r, Pearson’s correlation coefficient; AR, allograft rejection; CsA, Cyclosporine; Rad-score,
radiomics score; Fibrosis (%), percentage of parenchymal fibrosis.
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3.3.5 Machine learning models

A total of 10, 10, 7, 12, 4, 7 radiomic features were selected for modeling in distance

correlation, information gain, recursive feature elimination, Boruta algorithm, RF, and

LASSO, respectively (Table 3). A total of 48 models were developed for predicting AR,

including 42 ML models. The median AUC of the 42 ML models was 0.944 (0.878-0.978),
which was superior to that of the 6 LR models (AUC = 0.794, 0.756-0.897) (Figure 11).

The optimal ML model using the RF modeling algorithm with the RF feature selection

method (RF-RF model) exhibited an AUC 0f 0.978 (95% confidence interval [CI], 0.936—

1.000), which significantly outperformed the SUV max (AUC, 0.783; 95% CI, 0.602—0.964)
(Figure 12 and Table 4). Multidimensional scaling analysis showed rats with or without

AR had a different distribution predicted by the RF-RF model (Figure 13). The

original GLDM_gray level non-uniformity (GLN) presented the most significant among

the four selected features in the RF-RF model (Figure 14). In the DCA plot (Figure 15),

the net benefit of the RF-RF was greater than the SUVmax over all thresholds.

Table 3: Selected radiomic features in six algorithms.

Algorithms Selected radiomic features

DC Wavelet LLL. GLCM_IMC 1
Original NGTDM_Busyness
Wavelet LHL first-order Median
Original GLDM _Gray Level Non-Uniformity
Original GLCM_IMC 1

Original GLCM_IMC 2
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IFGN

Boruta

Original GLCM_Maximum Probability

Original first-order Uniformity

Original GLRLM_Gray Level Non-Uniformity Normalized
Original GLRLM_Gray Level Non-Uniformity
Wavelet LLL. GLCM_Idm

Wavelet LLL GLCM _Id

Original GLCM Id

Original GLCM_Idm

Wavelet LLL. GLRLM_Run Length Non-Uniformity Normalized
Wavelet LLL. GLRLM_Short Run Emphasis
Original GLDM _Gray Level Non-Uniformity
Wavelet LLL. GLCM_IMC 1
Wavelet LHL first-order Median

Original GLCM_Sum Entropy

Original GLCM_IMC 2

Wavelet LLL. GLCM_IMC 1

Original GLDM_Small Dependence High Gray Level Emphasis
Wavelet LHL first-order Median

Original NGTDM_Busyness

Original GLCM_IMC 1

Wavelet LLL. GLDM_High Gray Level Emphasis

Original GLDM_Gray Level Non-Uniformity
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Wavelet LLH GLSZM_Gray Level Non-Uniformity Normalized
Wavelet LHL first-order Median
Wavelet LHL GLSZM Large Area Emphasis
Wavelet LHH GLRLM Run Variance
Wavelet HHL. GLDM _Dependence Variance
Wavelet LLL. GLCM_IMC 1
Wavelet LLL GLCM_MCC
Wavelet LLL. GLCM_Sum Average
Wavelet LLL. GLDM_High Gray Level Emphasis
Wavelet LLL. GLRLM_High Gray Level Run Emphasis
Wavelet LLL. GLRLM_Long Run High Gray Level Emphasis

RF Original GLDM_Gray Level Non-Uniformity
Wavelet LHL first-order Median
Wavelet LLL. GLCM_IMC 1
Wavelet LLL GLCM_Joint Average

LASSO Original GLCM_IMC 2
Original GLCM_Maximum Probability
Original GLDM_Gray Level Non-Uniformity
Original GLRLM_RunVariance
Original NGTDM_Busyness
Wavelet LHL first-order Median

Wavelet LLL. GLCM_MCC
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DC, distance correlation; [IFGN, information gain; RFE, recursive feature elimination; RF,
random forest; LASSO, least absolute shrinkage and selection operator; GLCM, gray
level cooccurrence matrix; GLDM, gray level dependence matrix; NGTDM,
neighboring gray tone difference matrix; GLRLM, gray level run length matrix;
GLSZM, gray level size zone matrix; IMC, informational measure of correlation.
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SVM
RF
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0.85
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Figure 11: The performance of 48 prediction models.

A total of 48 models were developed for predicting AR, including 42 ML models.

The median AUC of ML models was 0.944 (0.878-0.978), which was superior to that of
the LR model (AUC = 0.794, 0.756-0.897).

LR, logistic regression; SVM, support vector machine; RF, random forest; ANN, artificial
neural network; Xgboost, extreme gradient boosting; KNN, k-nearest neighbors; NB,
naive bayes; AdaBoost, adaptive boosting; DC, distance correlation; IFGN, information
gain; RFE, recursive feature elimination; LASSO, least absolute shrinkage and selection
operator; SUV, standardized uptake value.
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Figure 12: The receiver operator characteristic curve of optimal model and SUV nax.
AUC, area under the curve; RF, random forest; SUVmax, maximum standardized uptake
value.

Table 4: The optimal model and SUV max for monitoring allograft rejection.

Model AUC (95% CI) Sensitivity  Specificity PPV NPV Accuracy
RF-RF 0.978 (0.936-1.000) 100.0% 83.3% 88.2% 100.0% 92.6%
SUVmax  0.783 (0.602-0.964) 73.3% 83.3% 84.6% 71.4% 77.8%

AUC, area under the curve; CI, confidence interval; PPV, positive predictive value; NPV,
negative predictive value; RF, random forest; SUV, standardized uptake value.
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Figure 13: Multi-dimensional scaling of the proximity matrix.

Multidimensional scaling analysis showed rats with or without AR had a different
distribution predicted by the optimal ML model (RF-RF model). The red and blue plots
represented rats with AR and non-AR, respectively.

RF, random forest.
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Mean Decrease Accuracy
Figure 14: Importance of the variables in the optimal random forest model.
The original GLDM_GLN was the most significant feature among the four selected
features in the random forest model.
GLDM, Gray Level Dependence Matrix; LLL, Low-Low-Low; GLCM, Gray Level
Cooccurrence Matrix; IMC, Informational Measure of Correlation; LHL, low-high-low.
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Figure 15: Decision curve analysis for optimal radiomics model and SUV max.
The net benefit of the RF-RF was greater than the SUVmax over all threshold.
RF, random forest; SUVnax, maximum standardized uptake value.

3.4 Discussion

The current study revealed two main findings. First, both the SUVmax and Rad-score
showed significant positive correlations with the histopathological results. Second,
although the SUVmax showed good discriminative power for AR, all the ML-based
radiomics models exhibited higher AUCs. These novel findings suggest that ML-based
18F-FDG PET radiomics has the potential to be a more effective noninvasive method for
monitoring AR following LTx.

PET is a noninvasive method of detecting rejection and assessing therapeutic efficacy

53



early after organ transplantations [33, 79]. Quantitative SUV parameters can be measured
on 18F-FDG PET, and these can detect metabolic changes in tissues and evaluate the
possibility of lung AR contributed to the amount of glucose consumption by T
lymphocytes [44]. In the present study, the SUVmax was associated with pathological
criteria indicating AR; however, the correlations were not satisfactory. Previous studies
have shown that more useful information could be captured from PET radiomics, which
offered value beyond conventional quantitative SUV parameters, providing additional
information on AR [87, 88]. I extracted 837 radiomic features, and most of them were
significantly correlated with the histopathological criteria for AR. Thus, the results
strongly suggest that SUVs do not fully reflect the important information present in 18F-
FDG PET images.

Most radiomics-related literature to date has been published in oncology; none has yet
been published in the field of LTx. Only one recent study proposed that texture analysis
applied to ultrashort echo-time magnetic resonance imaging might be useful for
distinguishing AR in a mouse LTx model [49]. However, many features correlated with
AR were not extracted from the images. Furthermore, the authors did not merge the
texture features but only analyzed them separately [49]. Thus, their strategy could not
reveal the inherent detective ability of radiomics for AR. I performed LASSO regression
on the radiomics data and then merged the seven radiomic features to construct a Rad-
score for AR. The Rad-score showed a strong correlation with the histopathological
findings that covered various degrees of rejection. This indicates that the Rad-score has

the potential to monitor AR in different stages. Additionally, the allograft-CsAgelayed group
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represented an AR treatment model, and this study demonstrated that PET radiomics
analysis might have high performance for monitoring AR before an irreversible change
develops.

Nevertheless, for the AR criteria, SUVmax, and Rad-score, the allograft CsAcont group
at week 6 showed higher values than in the isograft group. Rats might encounter
pulmonary infection during the immunosuppressive maintenance treatment as clinical
work [89, 90]. This further revealed that the infection and rejection might not be well
differentiated by the conventional method based on 18F-FDG PET.

ML algorithms have made significant achievements in improving clinical detection and
diagnosis. Barbosa et al. [51] found that an ML algorithm using quantitative computed
tomography (CT) metrics could detect bronchiolitis obliterans syndrome with an
accuracy of 85%. However, they only extracted conventional CT parameters instead of
radiomic features and developed a single support vector machine model. Compared with
CT, 18F-FDG PET can reveal more metabolic information from lung grafts. Very few
studies have used ML models to improve the accuracy of lung AR detection, and these
used rather limited ML models and information from biopsy and CT results [51, 52]. In
this study, the DCA curve further revealed that the optimal ML model had the excellent
ability to monitor AR and strengthened the monitoring value of 18F-FDG PET functional
imaging for detecting AR in LTx. Notably, I found that the original GLDM_GLN was
the most significant radiomic feature for AR in the optimal model. It represents the
similarity of intensity in the image where a lower original GLDM_GLN indicates a more

remarkable similarity in intensity [91]. This finding further demonstrated that radiomic
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features contain more useful information for monitoring AR in addition to metabolic
change. Compared with the SUVmax, which quantifies the total glucose metabolism in a
lung graft with AR, radiomic features may potentially distinguish rejection from infection,
but no evidence was found in this current study.

In clinical LTx, noninvasive methods for monitoring lung AR are currently being
researched [51]. Radiomics is a widely used method involving the extraction of large
numbers of features from radiological images using data-characterization algorithms. Its
application will further enhance the value of radiological imaging in clinical practice, and
radiomics based on 18F-FDG PET and ML algorithms may serve to decrease, but not
eliminate, biopsy and potentially serve as a useful noninvasive method for postoperative

lung AR.

3.5 Limitations

The following limitations of this study merit consideration. First, this pilot study may not
sufficiently emulate the pathophysiological changes encountered in humans. Nonetheless,
the current preclinical research forms a proof of concept. A move to human trials may be
the only way to test the clinical relevance of the proposed methods. Second, I used the
SUVmax to represent the ROI with the highest 18F-FDG uptake, but this did not provide
information on differences between AR and respiratory infection. In human LTx, the
differential diagnosis between AR and pneumonia may sometimes be difficult because
18F-FDG uptake is not disease-specific. However, infection was rare in this rodent model,

even when non-sterile operations were performed, especially after a long post-LTx
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duration. The allograft-CsAdelayed group further confirmed AR at week three because
immunosuppression therapy can reverse AR but not the infection. The histopathological
results from hematoxylin—eosin staining, which can easily distinguish AR from
respiratory infection, demonstrated a rare inflammatory process in this current preclinical
study. Additionally, ML-based PET radiomics provided more information on the
heterogeneity of lung grafts than the SUVn. and may differentiate rejection from
infection once the histopathologic features change in clinical LTx. Despite the strengths
of 18F-FDG PET radiomics, the application of more specific radiotracers targeting

different immune cells is expected [92, 93].

3.6 Conclusions

In conclusion, while both the SUVmax and PET radiomics showed good correlations with
AR, ML-based PET radiomics can further the value of functional imaging with 18F-FDG
PET for monitoring AR in a rat LTx model. This current study supports further evaluation
of the utility of this noninvasive method for detecting AR and monitoring the

effectiveness of treatment for AR in clinical LTx.
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