
Moser section: Advances in the surgical management of colorectal liver metastases 

There have been considerable advances in the number of options available surgically for the 

management of colorectal liver metastases over the past two decades. As recently as the early 1990s, 

the management of a patient with colorectal liver metastases was largely palliative, and liver resection 

in these cases was considered controversial (1).   

Evolving definition of resectability: 

in addition to the acceptance that liver resection for colorectal metastases could offer our patients 

improved survival, the redefinition of resectability was also a significant advance. In the late 1990s, 

criteria were established for resectability that were based on the number and size of metastases, and 

the need to have a margin of 1 cm or even more (1).  A more recent, unofficial definition is essentially to 

“remove all of the liver metastases and leave enough liver to survive”.  Specifically, a microscopically 

negative margin is sufficient, although recent evidence points to superior results with a margin of 

greater than 1 mm (2).  There must be preservation of two contiguous functional liver segments with 

intact portal and arterial inflow, venous outflow, and biliary drainage.  And finally, prior to embarking 

upon aggressive resections there must also be an adequate future liver remnant (FLR) (3).  In cases 

where the FLR is felt to be insufficient, manoeuvres such as portal vein embolization or ligation can be 

employed to increase the FLR prior to resection. 

 

Newer options for surgical resection of CRLM 

There are many new options available for surgical or ablative clearance of the liver of liver metastases. 

In any given case, there are often more than one options possible, with each having its own advantages 

and disadvantages for discussion with the patient and at multidisciplinary tumor board rounds. 

 

Ablation and two-stage procedures 

Ablation techniques such as radiofrequency ablation and microwave ablation have been available since 

the 1990s and were helpful in a patient with one or two small metastases in the lobe contralateral to 

that being resected (4). This led to a modest increase in the resectability of colorectal liver metastases. 

Two-stage hepatectomy further improved resectability rates and was first reported in some large series 

in around 2000. This strategy included resection, followed by a period of one to six months to allow for 

regeneration to occur in the remaining liver before planning for the clearance of the remaining tumor on 

the second operation (5). However, regeneration was gradual, and in the time between operations, 

some patients experienced disease progression. 

 

Portal vein embolization and ligation 

Around the same time, portal vein embolization, done percutaneously, was introduced as a way of 

preparing for resection. The portal vein on the side planning to be resected was embolized with a variety 

of materials. Follow-up imaging could gauge the response in terms of atrophy of that lobe and 



hypertrophy of the contralateral lobe. This was used in cases where the FLR was felt to be borderline or 

inadequate, as in some cases of tri-segmental resection (6).   

The combination of two-stage hepatectomy along with portal vein embolization or ligation brought 

together the advantages of both approaches. Such a strategy made further significant gains in the 

resectability of colorectal liver metastases, reported in one institution as increasing from about 40% to 

about 70% of all patients being referred for colorectal liver metastases. (7). 

 

Associating Liver Partition and Portal vein ligation for staged hepatectomy (ALPPS): 

ALPPS is a strategy that was first attempted somewhat by accident when a planned two-stage procedure 

for a patient with bilobar colorectal liver metastases had to be aborted (8). The parenchyma had already 

been transected and the portal vein ligated, but the lobe that they had planned to resect was not yet 

removed. The patient was closed, and a CT scan done about one week after the abdomen was closed 

showed an incredible hypertrophy of the remaining left lateral segment, to almost double in size, along 

with significant atrophy of the right lobe. This was much more than would have been expected from 

simple portal vein ligation, and this accelerated regeneration over the span of one week is thought to be 

related to the transection and the raw surface that resulted. 

The introduction of ALPPS further increased the apparent resectability of colorectal metastases to 

somewhere in the range of 80 or 85% (1). Unfortunately, the initial series of ALPPS procedures 

demonstrated a high rate of complications including rates of in-hospital mortality in some series in the 

20 to 29% range. The rate of morbidity was reported around 50 to 80% (9). There were also high rates of 

early recurrence.  More recent experience with ALPPS has fortunately shown reduced morbidity and 

mortality, as well as decreased recurrence rates.  

Liver transplantation options: 

Finally, in some large centres, and with very specific and strict criteria, liver transplantation is again 

being assessed as a possible treatment strategy for colorectal liver metastases (10).  And other strategies 

taking advantage of regeneration of a small liver segment while the disease liver is still in situ, known as 

RAPID, have also been described (1). 

Over the span of two decades, the resectability of colorectal metastases essentially went from 0%, to 

20%, to 70%, and now up to 90% in patients without medical contraindications. This rapid increase in 

surgical options for the management of CRLM came out around the same time as the introduction of 

new chemotherapy regimens.  

 

Chemotherapy for colorectal liver metastases: surgical implications 

Nearly a full decade after the introduction of oxaliplatin-based chemotherapy for CRLM, a group of 

prominent CRLM surgeons and researchers penned an editorial, a cautionary note, detailing some of the 

effects of neoadjuvant chemotherapy that had been observed in patients undergoing liver resections 

(11). 

 



Around that same time, a report on the histological findings in 174 CRLM liver resection specimens was 

published. They reported finding sinusoidal obstruction the liver surrounding the resected liver 

metastasis in 79% of patients treated with oxaliplatin. They also documented Nodular Regenerative 

Hyperplasia in 16% and steatosis in 49% (12). 

 

Sinusoidal obstruction syndrome (SOS) 

SOS is a condition previously observed in the form of venoocclusive disease (VOD) noted in patients 

undergoing chemotherapy prior to stem cell transplant. Microscopically, there is obvious injury to the 

endothelial lining of the sinusoids, thrombosis, and extravasation of red blood cells. Grossly, the 

congestion that results from obstruction of flow proceeding to the central vein gives the liver a mottled 

and bluish appearance. 

Vauthey confirmed the association of oxaliplatin with SOS (13) and despite the dramatic bluish 

appearance of the liver in these cases, his group found no increase in ninety-day morbidity or mortality 

in 79 patients treated with oxaliplatin who had undergone resection. 

Nakano et al reported in 2008 that about 52% of patients treated with oxaliplatin in their series 

developed SOS (14). They did note some increased morbidity in terms of grade 3 and grade 4 Clavien-

Dindo complications (6.3% versus 40%, p=0.026), and an increased hospital stay, although both the 

sinusoidal injury positive and sinusoidal injury negative group were admittedly small, with fewer than 20 

patients in each group. 

The EORTC 40983 trial (15) was a multicentre randomized controlled trial comparing surgery only to 

(oxaliplatin-based) chemotherapy before and after surgery for upfront resectable CRLM. As in Vauthey’s 

study, they noted a low rate of complications in the group receiving oxaliplatin-based chemotherapy 

prior to resection.   

Soubrane in 2009 published the results of the retrospective look at patients who had undergone major 

hepatectomy following preoperative chemotherapy (16). Among those treated with oxaliplatin, 59% of 

these patients developed SOS. There was a trend towards increased blood loss and an increased volume 

of transfusion in the group with higher grade SOS, compared to the group with lower grade SOS. They 

did, however, see an increase in transient hepatic dysfunction (3/13 versus 26/38, p=0.004) and ascites 

as well. The only cases of severe liver failure were seen in patients with the high-grade SOS lesions. 

Overall, in the two largest series, it would not appear that SOS is of great consequence to liver resection, 

although one must remember that most of the studies involved quite small groups, were retrospective, 

and were of course done in high-volume centres which may have a lower rate of complications in 

general. 

 

Nodular regenerative hyperplasia (NRH) 

NRH has some similarities and common associations with SOS. Grossly, a liver affected by NRH can look 

almost cirrhotic, and yet microscopically, it is notable for its nodularity in the absence of significant 

fibrosis. NRH is associated with sinusoidal dilatation and is also associated with oxaliplatin treatment.  



Vigano (17) in 2015 reported on 406 patients with colorectal liver metastases undergoing resection after 

chemotherapy and identified 87 (18%) patients with NRH. NRH was found to be associated with an 

increased risk of (transient) liver failure (9% versus 2%, P equals 0.002), with higher risk associated with 

more major resection. 

 

Steatohepatitis and steatosis 

Steatohepatitis was documented in 20.2% of patients receiving irinotecan in a study of 248 patients 

receiving preoperative chemotherapy followed by liver surgery for CRLM (13).  The same group also 

noted an increased risk of steatohepatitis in patients with a higher BMI.  Patients in this series with 

steatohepatitis had a higher 90-day mortality post resection compared to those without steatohepatitis 

(14.7% versus 1.6%, OR equal 10.5, P equals 0.001).  A case-control study of 102 patients with 

steatohepatitis matched to controls without steatohepatitis but having a similar extent of resection 

noted similar results (18). Those with steatohepatitis had an increased overall morbidity and a higher risk 

of hepatic decompensation.  

Whether steatosis without the inflammatory cell infiltrate of steatohepatitis leads to an increased risk of 

morbidity or mortality has been controversial. However, a well constructed meta-analysis (19) suggests 

that the risk of complications is approximately doubled in patients with significant steatosis, whereas 

there is no obvious increase in mortality following liver resection compared to those patients without 

steatosis. 

 

Bevacizumab: 

Bevacizumab is often added to existing chemotherapy regimens for CRLM. The wound healing problems 

and wound infection risk in surgical patients is well known (20). Waiting for 5 to 8 weeks after the last 

dose of bevacizumab is advised and has reduced the incidence of these wound issues. As an added 

benefit, bevacizumab seems to have a protective effect against SOS. This was documented in a 

histopathological study of patients treated with oxaliplatin, with and without bevacizumab (21).  The 

group documented a significant reduction in the incidence of grades 2 or 3 SOS when bevacizumab was 

added (62% versus 31%, P less than 0.001).   

 

Limitations in the data surrounding CRLM 

There are several limitations to the data surrounding surgical complications related to preoperative 

chemotherapy. Firstly, just like for any surgical research, there will always be a significant amount of 

surgical variation between centres and between surgeons at those centres. There is no consensus as to 

what constitutes resectable and unresectable, and any given case can have different approaches in 

terms of the transection device, the philosophy of major liver resection versus multiple wedge 

resections, and the extent to which a given institution uses PVE or PVL (22). Almost all the studies were 

retrospective and observational, and some drew conclusions based on relatively small numbers of 

patients. 



Finally, one must recall that these reports generally came from high-volume centres. Although no 

increase in morbidity or mortality is reported for several of the post chemotherapy pathologies, it’s 

quite possible that these differences may be more apparent in a small volume centre. 

 

Should hepatic injury change surgical planning?  

Steatohepatitis, in particular, seems to increase the morbidity and mortality of liver resection, whereas 

it’s less clear that sinusoidal obstruction, in spite of the dramatic mottled blue liver appearance has any 

effect on surgical morbidity and mortality. And yet preoperative imaging and even needle biopsy are not 

particularly helpful. While imaging might identify steatosis in up to 50% of patients, it cannot distinguish 

the more serious steatohepatitis from steatosis. Likewise, the irregular distribution of the disease 

process in SOS makes it such that a needle biopsy can underrepresented the extent of disease 

elsewhere in the liver. The intraoperative appearance can help to make the diagnosis but doesn’t give a 

full picture. While the intraoperative finding of steatosis would not likely cause most surgeons to 

abandon the procedure, these appearances might make one think very carefully about reducing the 

extent of liver tissue that’s removed. Specifically, one might consider multiple wedge resections and 

ablation as opposed to a formal lobectomy in a very steatotic liver. 

 

What is the ideal number of cycles of chemotherapy before resection? 

Because of the changing and continually evolving chemotherapy agents and regimens, the data 

surrounding an ideal number of treatments prior to surgery has been quite heterogeneous. For cases 

where the goal is conversion therapy (the conversion of an unresectable situation into a resectable one), 

the number of chemotherapy treatments will be dictated by the response and either conversion to a 

resectable situation or disease progression. In those cases where neoadjuvant chemotherapy is 

contemplated in cases of resectable disease, a few studies have consistently suggested six or fewer 

cycles might be optimum, with morbidity increasing when more than six cycles are utilized (23, 24). 

 

How long after chemotherapy should liver resection take place? 

How long to wait after the final dose of chemotherapy before proceeding to liver resection likewise does 

not have a lot of evidence in the literature.  This is a balance between more toxicity in the liver if 

operation takes place too soon after the last dose of chemotherapy, versus the risk of disease 

progression if the interval between chemotherapy and surgery is too long. The data is also quite 

heterogeneous. And yet several studies, generally retrospective, some with small groups, consistently 

suggest a time between five and eight weeks (25). 

 

Reduction of the extent of an aggressive surgical resection and assessment of biological behavior 

Although the oncologic data suggests improved disease-free survival but no obvious overall survival 

advantage to preoperative and postoperative chemotherapy for CRLM, there are some surgical reasons 

to consider neoadjuvant chemotherapy. With aggressive strategies including two-stage procedures with 



or without portal vein embolization/ligation, or ALPPS, the majority of patients with CRLM can be 

considered resectable, however this will be at the cost of a really large operation and its attendant risks. 

In these cases, neoadjuvant chemotherapy might make it possible to reduce the extent/severity of the 

surgery, while at the same time acting as a biological test of time. The goal would be to assess the 

biological behaviour of the tumor. Conversely, a tumor that is seen as having better biological behaviour 

during the test of time of chemotherapy, on some level helps to justify a major resection. This test of 

time may be one of the reasons attributed to the improvement of ALPPS results over the last five years 

(26). 

 
1 Kambakamba P, Hoti E, Cremen S, Braun F, Becker T, Linecker M. The evolution of surgery for colorectal 

liver metastases: A persistent challenge to improve survival. Surgery. 2021 Jul 22:S0039-6060(21)00644-9. 

doi: 10.1016/j.surg.2021.06.033. Epub ahead of print. PMID: 34304889. 
2 Wang J, Margonis GA, Amini N, Andreatos N, Yuan C, Damaskos C, Antoniou E, Garmpis N, Buettner S, 

Barbon C, Deshwar A, He J, Burkhart R, Pawlik TM, Wolfgang CL, Weiss MJ. The Prognostic Value of 

Varying Definitions of Positive Resection Margin in Patients with Colorectal Cancer Liver Metastases. J 

Gastrointest Surg. 2018 Aug;22(8):1350-1357. doi: 10.1007/s11605-018-3748-3. Epub 2018 Apr 9. PMID: 

29633114. 
3 Dixon M, Cruz J, Sarwani N, Gusani N. The Future Liver Remnant : Definition, Evaluation, and 

Management. Am Surg. 2021 Feb;87(2):276-286. doi: 10.1177/0003134820951451. Epub 2020 Sep 15. 

PMID: 32931301. 
4 McKay A, Dixon E, Taylor M. Current role of radiofrequency ablation for the treatment of colorectal liver 

metastases. Br J Surg. 2006 Oct;93(10):1192-201. doi: 10.1002/bjs.5581. PMID: 16983740. 
5 Lam VW, Laurence JM, Johnston E, Hollands MJ, Pleass HC, Richardson AJ. A systematic review of two-

stage hepatectomy in patients with initially unresectable colorectal liver metastases. HPB (Oxford). 2013 

Jul;15(7):483-91. doi: 10.1111/j.1477-2574.2012.00607.x. Epub 2012 Nov 7. PMID: 23750490; PMCID: 

PMC3692017. 
6 Al-Sharif E, Simoneau E, Hassanain M. Portal vein embolization effect on colorectal cancer liver 

metastasis progression: Lessons learned. World J Clin Oncol. 2015 Oct 10;6(5):142-6. doi: 

10.5306/wjco.v6.i5.142. PMID: 26468450; PMCID: PMC4600188. 
7 Kawaguchi Y, Lillemoe HA, Vauthey JN. Dealing with an insufficient future liver remnant: Portal vein 

embolization and two-stage hepatectomy. J Surg Oncol. 2019 Apr;119(5):594-603. doi: 10.1002/jso.25430. 

Epub 2019 Mar 1. PMID: 30825223; PMCID: PMC6422720. 
8 Schnitzbauer AA, Lang SA, Goessmann H, Nadalin S, Baumgart J, Farkas SA, Fichtner-Feigl S, Lorf T, 

Goralcyk A, Hörbelt R, Kroemer A, Loss M, Rümmele P, Scherer MN, Padberg W, Königsrainer A, Lang H, 

Obed A, Schlitt HJ. Right portal vein ligation combined with in situ splitting induces rapid left lateral liver 

lobe hypertrophy enabling 2-staged extended right hepatic resection in small-for-size settings. Ann Surg. 

2012 Mar;255(3):405-14. doi: 10.1097/SLA.0b013e31824856f5. PMID: 22330038. 
9 Lang H, Baumgart J, Mittler J. Associated Liver Partition and Portal Vein Ligation for Staged Hepatectomy 

(ALPPS) Registry: What Have We Learned? Gut Liver. 2020 Nov 15;14(6):699-706. doi: 10.5009/gnl19233. 

PMID: 32036644; PMCID: PMC7667932. 
10 Dueland S, Syversveen T, Solheim JM, Solberg S, Grut H, Bjørnbeth BA, Hagness M, Line PD. Survival 

Following Liver Transplantation for Patients With Nonresectable Liver-only Colorectal Metastases. Ann 

Surg. 2020 Feb;271(2):212-218. doi: 10.1097/SLA.0000000000003404. PMID: 31188200. 
11 Bilchik AJ, Poston G, Curley SA, Strasberg S, Saltz L, Adam R, Nordlinger B, Rougier P, Rosen LS. 

Neoadjuvant chemotherapy for metastatic colon cancer: a cautionary note. J Clin Oncol. 2005 Dec 

20;23(36):9073-8. doi: 10.1200/JCO.2005.03.2334. Erratum in: J Clin Oncol. 2006 Apr 1;24(10):1648. PMID: 

16361615. 



 
12 Rubbia-Brandt L, Audard V, Sartoretti P, Roth AD, Brezault C, Le Charpentier M, Dousset B, Morel P, 

Soubrane O, Chaussade S, Mentha G, Terris B. Severe hepatic sinusoidal obstruction associated with 

oxaliplatin-based chemotherapy in patients with metastatic colorectal cancer. Ann Oncol. 2004 

Mar;15(3):460-6. doi: 10.1093/annonc/mdh095. PMID: 14998849. 
13 Vauthey JN, Pawlik TM, Ribero D, Wu TT, Zorzi D, Hoff PM, Xiong HQ, Eng C, Lauwers GY, Mino-

Kenudson M, Risio M, Muratore A, Capussotti L, Curley SA, Abdalla EK. Chemotherapy regimen predicts 

steatohepatitis and an increase in 90-day mortality after surgery for hepatic colorectal metastases. J Clin 

Oncol. 2006 May 1;24(13):2065-72. doi: 10.1200/JCO.2005.05.3074. PMID: 16648507. 
14 Nakano H, Oussoultzoglou E, Rosso E, Casnedi S, Chenard-Neu MP, Dufour P, Bachellier P, Jaeck D. 

Sinusoidal injury increases morbidity after major hepatectomy in patients with colorectal liver metastases 

receiving preoperative chemotherapy. Ann Surg. 2008 Jan;247(1):118-24. doi: 

10.1097/SLA.0b013e31815774de. PMID: 18156931. 
15 Nordlinger B, Sorbye H, Glimelius B, Poston GJ, Schlag PM, Rougier P, Bechstein WO, Primrose JN, 

Walpole ET, Finch-Jones M, Jaeck D, Mirza D, Parks RW, Collette L, Praet M, Bethe U, Van Cutsem E, 

Scheithauer W, Gruenberger T; EORTC Gastro-Intestinal Tract Cancer Group; Cancer Research UK; 

Arbeitsgruppe Lebermetastasen und-tumoren in der Chirurgischen Arbeitsgemeinschaft Onkologie (ALM-

CAO); Australasian Gastro-Intestinal Trials Group (AGITG); Fédération Francophone de Cancérologie 

Digestive (FFCD). Perioperative chemotherapy with FOLFOX4 and surgery versus surgery alone for 

resectable liver metastases from colorectal cancer (EORTC Intergroup trial 40983): a randomised 

controlled trial. Lancet. 2008 Mar 22;371(9617):1007-16. doi: 10.1016/S0140-6736(08)60455-9. PMID: 

18358928; PMCID: PMC2277487. 
16 Soubrane O, Brouquet A, Zalinski S, Terris B, Brézault C, Mallet V, Goldwasser F, Scatton O. Predicting 

high grade lesions of sinusoidal obstruction syndrome related to oxaliplatin-based chemotherapy for 

colorectal liver metastases: correlation with post-hepatectomy outcome. Ann Surg. 2010 Mar;251(3):454-

60. doi: 10.1097/SLA.0b013e3181c79403. PMID: 20160638. 
17 Viganò L, Rubbia-Brandt L, De Rosa G, Majno P, Langella S, Toso C, Mentha G, Capussotti L. Nodular 

Regenerative Hyperplasia in Patients Undergoing Liver Resection for Colorectal Metastases After 

Chemotherapy: Risk Factors, Preoperative Assessment and Clinical Impact. Ann Surg Oncol. 2015 

Dec;22(13):4149-57. doi: 10.1245/s10434-015-4533-0. Epub 2015 Apr 7. PMID: 25845431. 
18 Reddy SK, Marsh JW, Varley PR, Mock BK, Chopra KB, Geller DA, Tsung A. Underlying steatohepatitis, 

but not simple hepatic steatosis, increases morbidity after liver resection: a case-control study. 

Hepatology. 2012 Dec;56(6):2221-30. doi: 10.1002/hep.25935. Epub 2012 Oct 14. PMID: 22767263. 
19 de Meijer VE, Kalish BT, Puder M, Ijzermans JN. Systematic review and meta-analysis of steatosis as a risk 

factor in major hepatic resection. Br J Surg. 2010 Sep;97(9):1331-9. doi: 10.1002/bjs.7194. PMID: 20641066. 
20 Zhang H, Huang Z, Zou X, Liu T. Bevacizumab and wound-healing complications: a systematic review 

and meta-analysis of randomized controlled trials. Oncotarget. 2016 Dec 13;7(50):82473-82481. doi: 

10.18632/oncotarget.12666. PMID: 27756883; PMCID: PMC5347706. 
21 Volk AM, Fritzmann J, Reissfelder C, Weber GF, Weitz J, Rahbari NN. Impact of Bevacizumab on 

parenchymal damage and functional recovery of the liver in patients with colorectal liver metastases. BMC 

Cancer. 2016 Feb 10;16:84. doi: 10.1186/s12885-016-2095-6. PMID: 26864935; PMCID: PMC4750178. 
22 Ignatavicius P, Oberkofler CE, Chapman WC, DeMatteo RP, Clary BM, D'Angelica MI, Tanabe KK, Hong 

JC, Aloia TA, Pawlik TM, Hernandez-Alejandro R, Shah SA, Vauthey JN, Torzilli G, Lang H, Line PD, 

Soubrane O, Pinto-Marques H, Robles-Campos R, Boudjema K, Lodge P, Adam R, Toso C, Serrablo A, 

Aldrighetti L, DeOliveira ML, Dutkowski P, Petrowsky H, Linecker M, Reiner CS, Braun J, Alikhanov R, 

Barauskas G, Chan ACY, Dong J, Kokudo N, Yamamoto M, Kang KJ, Fong Y, Rela M, De Aretxabala X, De 

Santibañes E, Mercado MÁ, Andriani OC, Torres OJM, Pinna AD, Clavien PA. Choices of Therapeutic 

Strategies for Colorectal Liver Metastases Among Expert Liver Surgeons: A Throw of the Dice? Ann Surg. 

2020 Nov;272(5):715-722. doi: 10.1097/SLA.0000000000004331. PMID: 32833764. 



 
23 Karoui M, Penna C, Amin-Hashem M, Mitry E, Benoist S, Franc B, Rougier P, Nordlinger B. Influence of 

preoperative chemotherapy on the risk of major hepatectomy for colorectal liver metastases. Ann Surg. 

2006 Jan;243(1):1-7. doi: 10.1097/01.sla.0000193603.26265.c3. PMID: 16371728; PMCID: PMC1449955.  
24 Chun YS, Laurent A, Maru D, Vauthey JN. Management of chemotherapy-associated hepatotoxicity in 

colorectal liver metastases. Lancet Oncol. 2009 Mar;10(3):278-86. doi: 10.1016/S1470-2045(09)70064-6. 

PMID: 19261256. 
25 Welsh FK, Tilney HS, Tekkis PP, John TG, Rees M. Safe liver resection following chemotherapy for 

colorectal metastases is a matter of timing. Br J Cancer. 2007 Apr 10;96(7):1037-42. doi: 

10.1038/sj.bjc.6603670. Epub 2007 Mar 13. PMID: 17353923; PMCID: PMC2360122. 
26 Imai K, Adam R, Baba H. How to increase the resectability of initially unresectable colorectal liver 

metastases: A surgical perspective. Ann Gastroenterol Surg. 2019 Jul 11;3(5):476-486. doi: 

10.1002/ags3.12276. PMID: 31549007; PMCID: PMC6749948. 


