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1. Abstract
1.1. Background: Chronic respiratory failure in end-stage liver dis-
ease (ESLD) is associated with a high mortality and has been tradi-
tionally considered a contraindication for orthotopic liver transplan-
tation (OLT) and the outcomes in patients undergoing pre-operative 
tracheostomy have not been well studied. In order to better under-
stand clinical consequences of  pre-operative tracheostomy in OLT 
recipients, we hypothesized that, in carefully selected candidates, tra-
cheostomy should not be an absolute contraindication for OLT.	

1.2. Methods: We analyzed preoperative characteristics and postop-
erative outcomes of  pre-OLT tracheostomized patients at a single 
high-volume liver transplant center from 2015 to 2021 and com-
pared	  them to OLT recipients requiring post-operative tracheos-
tomy and to the overall cohort of  adult OLT	 recipients without pe-
rioperative tracheostomy.

1.3. Results: Duration of  tracheostomy prior to transplant was 50 
days (IQR = 60), total duration of  tracheostomy was 121 days (IQR 
= 35), and all patients were ultimately decannulated. Excluding one 
patient currently alive 15 months post-transplant, one-year and two-
year survival for pre-OLT tracheostomized patients was 100% and 
80%, respectively. In comparison to survival of  pre-OLT tracheos-
tomized patients, those requiring tracheostomy post-OLT had one-
year and two-year unadjusted survival of  51.3% and 48.8% respec-

tively, while the overall unadjusted one and two-year survival among 
all 710 patients was 83.0% and 81.9%.

1.4. Conclusions: Although chronic respiratory failure requiring tra-
cheostomy is often considered a contraindication to OLT, our data 
suggests that, in a carefully selected population of  OLT candidates, 
tracheostomy should not be considered a barrier to transplant and 
pre-OLT tracheostomized patients may actually demonstrate positive 
outcomes post-transplant.	

2. Introduction
Orthotopic liver transplantation (OLT) is a lifesaving procedure for 
patients with end-stage liver disease (ESLD) and advanced hepato-
cellular carcinoma. Deceased donor livers are a scarce resource, and 
efforts to optimize distribution have increased the number of  OLTs 
occurring among recipients with Model for End Stage Liver Disease 
(MELD) scores greater than 35 [1]. Recipients with higher MELD 
scores are more likely to develop pre-operative complications and 
have higher rates of  ICU utilization and mechanical ventilation. Res-
piratory complications requiring mechanical ventilation are common 
among patients with ESLD, and recent studies suggest that preoper-
ative respiratory failure is not a contraindication to OLT with proper 
patient selection [2-3].

The role of  preoperative respiratory failure, mechanical ventilation, 
and tracheostomy in transplant outcomes has not been well studied. 
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Tracheostomy has been shown to be a safe and effective treatment 
for long-term airway management of  respiratory failure after solid 
organ transplantation, including OLT [4-7]. Pre-operative tracheos-
tomy (TrachPRE) is helpful in select patients, but the optimal tim-
ing for tracheostomy is not well known.[8-9] Previous studies have 
focused on OLT recipients requiring post-operative tracheostomies 
(TrachPOST), but no study to date has examined the risk factors 
and outcomes for recipients requiring pre-operative tracheostomy 
[10-13]. In order to better understand risks and outcomes in OLT 
recipients who underwent tracheostomy prior to the transplantation, 
we performed this retrospective case series analysis hypothesizing 
that, in carefully selected candidates, tracheostomy should not be an 
absolute contraindication for OLT.

3. Materials and Methods

3.1. Study Population

We reviewed the database of  adult patients who received orthotopic 
liver transplant at the University of  California, Los Angeles in the 
period 2015 to 2021. The study was approved by the UCLA Insti-
tutional Review Board (IRB:11-000489). Our search criteria selected 
only those who required tracheostomy in the perioperative transplant 
period, either prior to or following OLT during the index hospitaliza-
tion. All included patients were older than 18 years and had end stage 
liver disease with a transplant MELD > 30. Patients who were candi-
dates for double organ transplant or those with a history of  previous 
OLT were excluded from our analysis. Preoperative characteristics 
and postoperative outcomes of  pre-OLT tracheostomized patients 
werecompared to OLT recipients requiring post-operative tracheos-
tomy, and to the overall cohort of  adult OLT recipients without pe-
rioperative tracheostomy.

3.2. Statistical Analysis

The Shapiro-Wilk test was performed to determine normality of  the 
data. The values were presented as means, with standard deviation 
representing variability for	 normally distributed parameters. Medi-
ans and interquartile ratios were presented for	data that was not 
normally distributed. A value of  p less than 0.05 was considered 
statistically significant. The analyses are descriptive and no a priori 
hypothesis was tested as the case series study design and sample size 

do not allow determination of  association of  risk factors with clinical 
outcomes.

4. Results
4.1. Patient Characteristics

Among the 710 patients who received OLT in the 6-year time period 
studied, 7.2% (N=50) required tracheostomy in the peri-operative 
OLT period for chronic respiratory failure. Of  those patients, six 
(12%) required TrachPRE and this procedure was performed 6 to 
130 days prior to the OLT (median 50, IQR 60). Five of  six patients 
received percutaneous tracheostomies placed by the intensivist team 
at the bedside; one patient received an open tracheostomy by Head 
and Neck Surgery as they were noted to have a high-riding innomi-
nate artery and thrombocytopenia. None of  the procedures reported 
clinically significant complications.

Notably, no patients with pre-LT tracheostomies had pre-existing 
chronic pulmonary conditions. Three patients were never smokers, 
and the remaining three were former smokers, with only one report-
ing >10 pack-year smoking history. Half  of  these patients required 
tracheostomy for a history of  multifocal pneumonia with prolonged 
mechanical ventilation and failure to wean, although none had ac-
tive concern for pneumonia present at time of  transplant. The other 
three patients required tracheostomy for airway protection: two in 
the setting of  prolonged altered mental status and one in the setting 
of  hematemesis.

Pre-OLT characteristics of  these patients are displayed in Table 1. 
TrachPRE individuals were on average 48 years old; half  were men 
and half  were women and they had an average BMI of  22.4. Aver-
age MELD in this cohort was 40.3. Four patients received OLT for 
alcoholic cirrhosis; two for non-alcoholic steatohepatitis (NASH). 
All were hemodialysis dependent at time of  transplant. Four patients 
were on mechanical ventilational at the time of  transplantation, with 
P/F ratio ranging between 243 – 576.

Based on Computed Tomography (CT) chest imaging in the month 
prior to transplantation, five of  six patients displayed findings that 
were concerning for pneumonia versus aspiration pneumonitis, in-
dicating most patients had some pre-existing acute lung disease. De-
scriptions of  CT chest imaging may be found in Table 2.
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Table 1: Demographic data and outcomes by patient for patients who required tracheostomy for respiratory failure prior to liver transplantation

  Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6 Average

Demographics

Transplant Age 50 47 53 43 40 58 48.6 (SD = 6.0)

Gender M F M M F F M: 50%, F: 
50%

Race/Ethnicity
Asian-Asian Indian 

/ Indian Sub-
Continent

White-Not 
Specified / 
Unknown

White-Not 
Specified / 
Unknown

White-Not 
Specified / 
Unknown

White-Not 
Specified / 
Unknown

Asian-Filipino --

BMI 22.4124 14.1714 23.1153 21.4656 25.2496 28.2581 22.4 (SD = 4.3)

Transplant Characteristics

Diagnosis Alcoholic cirrhosis Alcoholic 
cirrhosis NASH Alcoholic 

cirrhosis
Alcoholic 
cirrhosis NASH --

Transplant 
MELD 40 33 40 42 45 42 40.3 (SD = 3.7)

HD at 
transplant Yes Yes Yes Yes Yes Yes 100%

Never Smoker No No Yes Yes Yes No 50%
Former 
Smoker Yes Yes No No No Yes 50%
Chronic 
pulmonary 
condition

None None None None None None 0%

Mechanical Ventilation and tracheostomy characteristics

Indication for 
tracheostomy Hematemesis Multifocal 

Pneumonia

Airway 
protection for 

AMS

Multifocal 
Pneumonia

Multifocal 
Pneumonia

Airway 
protection for 

AMS
--

Duration of 
tracheostomy 
prior to the 
OLT (days)

26 130 24 92 6 13 50 (IQR = 60)

Mechanical 
Ventilation 
on Day of 
Transplant?

Yes No Yes No Yes Yes 67%

Ventilator 
Days Prior to 
Transplant

38 N/A 34 N/A 47 1 --

Ventilator 
Settings

VC 390 FiO2 40% 
PEEP 8 RA PC 14 FiO2 40 

PEEP 7
TC 10L FiO2 

21%
PS 7 FiO2 25% 

PEEP 5
VC 400 FiO2 
50% PEEP 5 --

P:F Ratio on 
Day of 
Transplant

243 576 287 476 304 450 390 (SD = 131)

RASS Score -3 to -4 0 to -1 0 to -1 0 0 to -1 0 to -1 --

Sedation 
requirements

Fentanyl 150 mcg/
hr Propofol 50 mcg/

kg/min
None None None None

Fentanyl 100 mcg 
/ hr Propofol 50 

mcg/kg/min
--

Outcomes
Hospital days 
post-OLT 93 100 297 59 105 35 96.5 (IQR = 36)

Vent days post 34 7 56 2 81 3 20.5 (IQR = 47)

Immediate ICU 
stay post OLT 
duration

73 43 36 13 105 32 39.5 (IQR = 33)

Trach Duration 112 130 889 150 110 42 121 (IQR = 35)

Survival 1 year Yes Yes Yes Yes Yes Yes 100%

Survival 2 
years Yes Yes Yes Yes

No, passed after 
22 months from 
cervical cancer

unknown 80%
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Table 2: Computed Tomography (CT) Chest imaging descriptions prior to transplant

Patient no. Age Sex Computed Tomography (CT) Imaging Description

1 50 M Diffuse, progressive ground glass opacities and bilateral consolidations

2 47 F Right upper and right lower lobe ground glass opacities concerning for aspiration or infection. Left lower lobe 
atelectasis. Left pleural effusion.

3 53 M Bilateral elevated hemidiaphragms with compressive atelectasis. Right upper lobe, right lower lobe, and lingular 
consolidations consistent with aspiration and / or pneumoniaingula.

4 43 M
Coarse calcifications in the lingula. Diffused textured and nontextured ground glass opacities consistent with acute 
lung injury. Post-inflammatory pleural parenchymal scarring with localized pulmonary fibrosis. Persistent airspace 
attenuation within both lower lobes consistent with multifocal pneumonia or aspiration.

5 40 F Mild interval decrease in the bilateral dense consolidations and ground glass opacities concerning for multifocal 
pneumonia in the setting of aspiration. Left and right pleural effusions.

6 58 F Mild pulmonary edema. Atelectasis of the right lower lobe and left lower lobe. Cannot exclude aspiration or 
pneumonia.

4.2. Outcomes and Complications

Following the OLT, the TrachPRE patients remained in the ICU for 
a median of  39.5 days (IQR = 33), and in the hospital for a median 
of  96.5 days (IQR = 36). They required mechanical ventilation for 
a median of  20.5 days (IQR = 47) post-transplant. In total, patients 
had their tracheostomy for an average of  121 days (IQR = 35). All 
patients were ultimately decannulated.

Excluding one patient currently alive at 15 months post-transplant, 
one-year and two-year survival for pre-OLT tracheostomized pa-
tients was 100% and 80%, respectively. One patient passed at 22 
months due to cervical cancer.

In comparison to survival of  pre-OLT tracheostomized patients, 
those requiring tracheostomy post-OLT had one-year and two-year 
unadjusted survival of  51.3% and 48.8% respectively, while the over-
all unadjusted one and two-year survival among all 710 patients was 
83.0% and 81.9%.

5. Discussion
This case series is, to our knowledge, the first to report outcomes of  
high-MELD OLT recipients requiring tracheostomy prior to trans-
plantation. Though chronic respiratory failure requiring tracheosto-
my is often considered a contraindication to OLT, our data suggest 
that, in a carefully selected population of  OLT candidates, pre-	
perative tracheostomy may be a safe option to facilitate transplant 
and improve outcomes. Regardless of  the indication for tracheosto-
my, outcomes for these patients were generally excellent with respect 
to their pulmonary status. Half  of  our patients underwent trache-
ostomy for complications of  multifocal pneumonia, suggesting an 
ongoing fibrotic pulmonary process. Despite this, all patients were 
able to be weaned from tracheostomy and ultimately decannulated. 
None of  the patients included in our	study had any complications 
from tracheostomy, and our findings are consistent with other stud-

ies examining tracheostomy outcomes in both liver and other solid 
organ transplant recipients [4,6,7,14].

Positive outcomes reported in this case series should by no means 
lead to the onclusion that chronic respiratory failure requiring tra-
cheostomy represents an acceptable risk for OLT. These patients 
likely had certain factors and characteristics that favored ongoing 
active listing for OLT despite their need for a tracheostomy. Pre-
viously published data suggest a high mortality in patients with cir-
rhosis admitted to the ICU requiring mechanical ventilation [15] Pa-
tients with cirrhosis admitted to the ICU with ARDS demonstrated 
higher mortality than those without cirrhosis (82.2% vs. 27.6%) [16] 
One important characteristic of  our cohort is that, while all patients 
eventually received OLT in the state of  multisystem organ failure 
which included chronic respiratory failure, none of  these patients 
had chronic pulmonary conditions prior to their advanced end-stage 
liver disease. Half  of  the patients were originally intubated due to 
concern for airway protection, either from altered mental status or 
for hematemesis. The other half  of  patients underwent tracheosto-
my for complications of  multifocal pneumonia. Of  the patients who 
were tracheostomized for multifocal pneumonia, all were on mini-
mal ventilator settings just prior to transplantation. They were also 
well-out from their pneumonia course, indicating that they no longer 
had an active infectious process but were otherwise experiencing 
ongoing pulmonary complications of  their previous infection. The 
indications for tracheostomy in this cohort mirrored what could be 
considered a group of  anticipated complications in critically ill high-
MELD patients who are more susceptible to aspiration, pulmonary 
infections, or pulmonary edema. With this understanding, our data 
may suggest that pre-operative tracheostomy may be an acceptable 
intervention for a high-MELD OLT candidate struggling with airway 
protection or recovering from a recent pneumonia [17].
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Our reported case series may mirror others in which tracheostomy is 
used as an intervention to recovery. Early tracheostomy in all critical-
ly ill patients requiring mechanical ventilation is not associated with 
improved outcomes, and chronically critically ill patients with poor 
prognosis do not show benefit from early tracheostomy.

However, in patients with acute neurologic pathologies, early tra-
cheostomy after the event has been associated with better prognosis 
[18] Among patients with traumatic brain injuries, early tracheostomy 
(< 7 days after the event) has been associated with reduction in the 
duration of  mechanical ventilation and the incidence of  ventilator 
associated pneumonia [19]. As opposed to critically ill patients with 
chronic respiratory failure where tracheostomy is a last-resort meas-
ure to extend life, patients in our cohort required tracheostomy as an 
intervention to recovery.

This manuscript has several limitations. As a retrospective analysis 
of  a small cohort from a single center, its results are not generaliz-
able to a larger population of  OLT recipients. Notably, apart from 
resolving multifocal pneumonia, patients with chronic pulmonary 
disease processes were not included in this study. Nevertheless, sev-
eral strengths merit emphasis. This is the first study reporting the 
outcomes in tracheostomized patients receiving OLT. Our cohort in-
cluded all patients fitting very strict selection criteria which excluded 
ESLD patients with MELD<30, non-adult patients and those who 
were either previously transplanted or candidates for double organ 
transplant such as liver and lung transplants. All patients were pe-
rioperatively co-managed by liver transplant surgery teams and pul-
monary and critical care medicine teams and data presented are the 
result of  a well-profiled cohort from a high-volume academic liver 
transplant center.

6. Conclusions
Based on this case series of  patients who underwent tracheosto-
my prior to OLT, we conclude that, in a specific population of  LT 
candidates, tracheostomy should not be considered a barrier to LT, 
and a carefully selected post-tracheostomy patient population may 
have positive outcomes post-OLT. Larger prospective studies will be 
necessary to better evaluate the role and clinical repercussions of  
pre-transplant tracheostomy in OLT candidates.

       References

1.	 Massie AB, Chow EKH, Wickliffe CE, Luo X, Gentry SE, Mulligan 
DC, et al. Early changes in liver distribution following implementation 
of  Share-35. Am J Transplant. 2015; 15(3): 659-667.

2.	 Barjaktarevic I, Lopez RC, Steadman R, Wray C, Qadir N, Chang SY, et 
al. Perioperative Considerations in Liver Transplantation. Semin Respir 
Crit Care Med. 2018; 39: 609-624.

3.	 Knaak J, McVey M, Bazerbachi F, et al. Liver transplantation in patients 
with end-stage liver disease requiring intensive care	unit admission 
and intubation. Liver Transpl. 2015; 21(06): 761-7.

4.	 Miller SM, Jean RA, Chiu AS. Earlier Is Better: Evaluating the Tim-
ing of  Tracheostomy After Liver Transplantation. Respir Care. 2020; 

65(12): 1883-8.

5.	 Pirat A, Ozgur S, Torgay A, Candan S, Zeyneloglu P, Arslan G. Risk 
factors for postoperative respiratory complications in adult liver trans-
plant recipients. Transplant Proc. 2004; 36(1): 218-220.

6.	 Ozdemirkan A, Ersoy Z, Zeyneloglu P, Gedik E, Pirat A, Haberal M. 
Percutaneous dilational tracheotomy in solid-organ transplant recipi-
ents. Exp Clin Transplant. 2015; 13(Suppl 3): 48-51.

7.	 Royo-Villanova Reparaz M, Andreu Soler E, Sa´nchez Ca´mara S, 
Herrera Cateriano GA, Ruiz Rodriguez A, Martinez Martinez M, et 
al. Utility of  percutaneous dilatational  tracheostomy in the immediate 
postoperative period of  liver transplant. Cir Esp. 2015; 93(2): 91-96.

8.	 Rumbak MJ, Newton M, Truncale T, Schwartz SW, Adams JW, Hazard 
PB. A prospective, randomized, study comparing early percutaneous 
dilational tracheotomy to prolonged translaryngeal intubation (delayed 
tracheotomy) in critically ill medical patients. Crit Care Med. 2004; 
32(8): 1689-94.

9.	 Gomes Silva BN, Andriolo RB, Saconato H, Atallah AN, Valente O. 
Early versus late tracheostomy for critically ill patients. Cochrane Data-
base Syst Rev. 2015; 1: CD007271.

10.	 Graham RC, Bush WJ, Mella JS, Fridell JA, Ekser B, Mihaylov P, et al. 
Tracheostomy Post Liver Transplant: Predictors, Complications, and 
Outcomes. Annals of  Transplantation. 2020; 25: e920630.

11.	 Cammann S, Timrott K, Vondran FWR, Schrem H, Lehner F, Klemp-
nauer J, et al. Early Tracheostomy Reduces Time of  Mechanical Venti-
lation in Respiratory High-Risk Patients After Liver Transplant. Exper-
imental and Clinical Transplantation. 2018; 5: 631-634.

12.	 Miller SM, Jean RA, Chiu AS. Earlier Is Better: Evaluating the Tim-
ing of  Tracheostomy After Liver Transplantation. Respir Care. 2020; 
65(12): 1883-1888.

13.	 Almario Alvarez JA, Okoye O, Tulla K, Spaggiari M, Cocco PD, Ben-
edetti E, et al. Tracheostomy Following Liver Transplantation. Trans-
plant Proc. 2020; 52(3): 932-7.

14.	 Pilarczyk K, Carstens H, Heckmann J, Lubarski J, Marggraf  G, Jakob 
H, et al. Safety and efficiency of  percutaneous dilatational tracheosto-
my with direct bronchoscopic guidance for thoracic transplant recipi-
ents. Respir Care. 2016; 61(2): 235-242.

15.	 Levesque E, Saliba F, Ichaï P, Samuel D. Outcome of  patients with cir-
rhosis requiring mechanical ventilation in ICU. J Hepatol. 2014; 60(3): 
570-578.

16.	 Yang P, Formanek P, Scaglione S, Afshar M. Risk factors and outcomes 
of  acute respiratory distress syndrome in critically ill patients with cir-
rhosis. Hepatol Res. 2019; 49(3): 335-343.

17.	 Bice T, Nelson JE, Carson SS. To Trach or Not to Trach: Uncertainty 
in the Care of  the Chronically Critically Ill. Semin Respir Crit Care 
Med. 2015; 36(6): 851-858.

18.	 Ding WL, Xiang YS, Liao JC, Wang SY, Wang XY. Early tracheostomy 
is associated with better prognosis in patients with brainstem hemor-
rhage. J Integr Neurosci. 2020; 19(3): 437-442.

19.	 Wiles MD. Management of  traumatic brain injury: a narrative review 
of  current evidence. Anaesthesia. 2022; 77 Suppl 1: 102-12.

https://pubmed.ncbi.nlm.nih.gov/25693474/
https://pubmed.ncbi.nlm.nih.gov/25693474/
https://pubmed.ncbi.nlm.nih.gov/25693474/
https://pubmed.ncbi.nlm.nih.gov/30485891/
https://pubmed.ncbi.nlm.nih.gov/30485891/
https://pubmed.ncbi.nlm.nih.gov/30485891/
https://pubmed.ncbi.nlm.nih.gov/25865305/
https://pubmed.ncbi.nlm.nih.gov/25865305/
https://pubmed.ncbi.nlm.nih.gov/25865305/
https://rc.rcjournal.com/content/65/12/1883
https://rc.rcjournal.com/content/65/12/1883
https://rc.rcjournal.com/content/65/12/1883
https://pubmed.ncbi.nlm.nih.gov/15013351/
https://pubmed.ncbi.nlm.nih.gov/15013351/
https://pubmed.ncbi.nlm.nih.gov/15013351/
https://pubmed.ncbi.nlm.nih.gov/26640911/
https://pubmed.ncbi.nlm.nih.gov/26640911/
https://pubmed.ncbi.nlm.nih.gov/26640911/
https://pubmed.ncbi.nlm.nih.gov/25214168/
https://pubmed.ncbi.nlm.nih.gov/25214168/
https://pubmed.ncbi.nlm.nih.gov/25214168/
https://pubmed.ncbi.nlm.nih.gov/25214168/
https://pubmed.ncbi.nlm.nih.gov/15286545/
https://pubmed.ncbi.nlm.nih.gov/15286545/
https://pubmed.ncbi.nlm.nih.gov/15286545/
https://pubmed.ncbi.nlm.nih.gov/15286545/
https://pubmed.ncbi.nlm.nih.gov/15286545/
https://pubmed.ncbi.nlm.nih.gov/25581416/
https://pubmed.ncbi.nlm.nih.gov/25581416/
https://pubmed.ncbi.nlm.nih.gov/25581416/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7441746/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7441746/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7441746/
https://pubmed.ncbi.nlm.nih.gov/29025380/
https://pubmed.ncbi.nlm.nih.gov/29025380/
https://pubmed.ncbi.nlm.nih.gov/29025380/
https://pubmed.ncbi.nlm.nih.gov/29025380/
https://rc.rcjournal.com/content/65/12/1883
https://rc.rcjournal.com/content/65/12/1883
https://rc.rcjournal.com/content/65/12/1883
https://pubmed.ncbi.nlm.nih.gov/32139274/
https://pubmed.ncbi.nlm.nih.gov/32139274/
https://pubmed.ncbi.nlm.nih.gov/32139274/
https://pubmed.ncbi.nlm.nih.gov/26792868/
https://pubmed.ncbi.nlm.nih.gov/26792868/
https://pubmed.ncbi.nlm.nih.gov/26792868/
https://pubmed.ncbi.nlm.nih.gov/26792868/
https://pubmed.ncbi.nlm.nih.gov/24280294/
https://pubmed.ncbi.nlm.nih.gov/24280294/
https://pubmed.ncbi.nlm.nih.gov/24280294/
https://pubmed.ncbi.nlm.nih.gov/30084205/
https://pubmed.ncbi.nlm.nih.gov/30084205/
https://pubmed.ncbi.nlm.nih.gov/30084205/
https://pubmed.ncbi.nlm.nih.gov/26595045/
https://pubmed.ncbi.nlm.nih.gov/26595045/
https://pubmed.ncbi.nlm.nih.gov/26595045/
https://pubmed.ncbi.nlm.nih.gov/33070522/
https://pubmed.ncbi.nlm.nih.gov/33070522/
https://pubmed.ncbi.nlm.nih.gov/33070522/
https://pubmed.ncbi.nlm.nih.gov/35001375/
https://pubmed.ncbi.nlm.nih.gov/35001375/

