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Levrat’s rat model is often the first choice for basic studies of oesophageal adenocarcinoma. The
position of the tracheal bifurcation represents the preferred location for the high-intrathoracic
anastomosis following oesophagectomy for cancer and is thus of importance in basic research of
oesophageal adenocarcinoma. In addition, it is also the typical location for trachea-oesophageal
fistulae in congenital oesophageal atresia and its rat model. We thus analysed whether the posi-
tion of the tracheal bifurcation would be affected by a rat’s growth throughout life. We analysed
absolute and relative carinal position of the tracheal bifurcation and its relationship to oesoph-
ageal length in two cohorts of Sprague Dawley rats (RjHan:SD) of both sexes: one consisted of
30 eight-week old rats and the other of 20 rats aged between 15 and 444 days. We analysed their
relationship by Pearson’s r and univariate linear regression. Bootstrap confidence intervals were
calculated for all calculated coefficients. Absolute carinal position correlated with oesophageal
length in the eight-week old cohort (r=0.4, 95% CI: 0.08-0.71, p=0.015) and those of different
ages (r=0.92, 95% CI: 0.77-0.96, p=0.0066). Absolute carinal position increased with oesopha-
geal length in both cohorts (F(1,28)=5.56; p=0.0256 and F(1,18)=94.93; p<0.0001 respectively).
Consequently, relative tracheal bifurcation position was not influenced by oesophageal length
in both cohorts (F(1,28)=2.49; p=0.1257 and F(1,18)=1.92; p=0.183). Absolute carinal position
increased with oesophageal length, but relative position remained constant at around 30% of
proximal oesophageal length throughout life.
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Experimental studies are often hampered by small
sample sizes and low statistical power resulting in
over-exaggerated effects and non-reproducibility
of their results in humans (Ioannidis 2017). Basic
research is however often the first step to advance
understanding and therapy of human diseases.
Levrat’s now iconic rat model of oesophageal adeno-
carcinoma (Levrat et al. 1962) offers the opportunity
to conduct basic research into this carcinoma, whose
pathophysiologic mechanisms may then be inves-
tigated in mice and thereafter tested in large animal
models before transferal to patients (Kapoor et al.
2015). Critically, animal models should be designed
to be as close as possible to the specific clinical sit-
uation they mimic (Festing and Altman 2002) (e.g.,
exploratory vs. confirmatory). In this respect, the
relative position of the tracheal bifurcation to the
oesophagus is of particular relevance in rat models
of oesophageal atresia as this level typically deter-
mines fistula location (Diez-Pardo et al. 1996). In
addition, this level also represents the preferred loca-
tion for the high intrathoracic anastomosis following
oesophagectomy (Yuan et al. 2015) which is used also
in rat models (Man et al. 1988). This prompted us to
investigate carinal position of the tracheal bifurca-
tion relative to oesophageal length in order to con-
tribute towards the design of reliable and translatable
models of oesophageal diseases and surgery.

To reduce numbers of experimental animals used
in research, data for this study were obtained from
two cohorts of rats used in other studies. One study
describes a linear relationship between bodyweight
and oesophageal length and linear breaking strength
in a cohort of 20 rats aged 15 to 444 days with
two animals per investigated age (Oetzmann von
Sochaczewski et al. 2019a). The other study investi-
gated linear breaking strength of native oesophagi,
those with a simple interrupted suture anastomosis,
as well as oesophageal suture holding capacity in 30
rats at an age of eight weeks (Tagkalos et al. 2019).
All rats were outbred Sprague Dawley
(RjHan:SD) of both sexes obtained from Janvier Labs
(Le Genest-Saint-Isle, France). They were housed in
our closed-facility under standard husbandry con-
ditions in groups of up to three animals per type-IV
cage. The rats were provided with nest material made
of European aspen (Populus tremula) sized two to
three millimetres (Abbedd midi, Vienna, Austria), a
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tunnel and environmental enrichments in the form
of a red polycarbonate house and four tissue papers
of two gram each. Rats had access to sterilised stand-
ard rat-chow (ssniff Ratte/Maus-Haltung Extru-
dat, ssnif-Spezialdidten, Soest, Germany) and water
ad libitum. A dark-light-cycle of 12 hours starting
at 07:00 was employed in a room with 67% rela-
tive humidity at 23°C and an air exchange of twelve
times per hour. Our experiments complied with the
directive 2010/63/EU (European Union 2010) and its
subsequent national regulations for the protection of
animals. The German law for the protection of ani-
mals exempts all experiments in which laboratory
animals are sacrificed to obtain isolated organs from
approval by the competent state authority (exact cita-
tion: section 7 subsection 2 sentence 3 of the German
law for the protection of animals [German citation: §
7 11 3 TierSchG]).

Rats were humanely killed by slowly increasing
carbon dioxide concentrations and had their oesoph-
agus explanted, in a cluster of viscera with the upper
airways, using anatomical landmarks as described
elsewhere (Oetzmann von Sochaczewski et al.
2019b). The oesophagus and upper airways were dis-
sected free of surrounding tissue, the carinal position
of the tracheal bifurcation was then marked on the
oesophagus after which the airways were removed
leaving the oesophagus for length measurements
using an electronic slide gauge (VWR, Darmstadt,
Germany) with a resolution of 0.0lmm and an accu-
racy of 0.03mm as depicted previously (Oetzmann
von Sochaczewski et al. 2019¢). The carinal position
of the tracheal bifurcation was measured from the
proximal end of the oesophagus.

We used data obtained from exploratory investi-
gations of five animals per group to conduct a power
analysis using G*Power (version 3.1.9.2) (Faul et al.
2007) for a significant deviation of the regression
line’s slope from zero with a statistical power of 80%
and an alpha-level of five percent for the relation-
ship between oesophageal length and relative carinal
position in both cohorts. In both cases, a sample size
of more than 10,000 oesophagi would be necessary
to find a significant deviation from zero, which indi-
cates an extremely small difference without biolog-
ical relevance. Consequently, using the previously
described cohorts is suitable to describe the relation-
ship between oesophageal length and relative carinal
position.

Correlation and regression analysis was con-
ducted using R (version 3.5.1) with its stats4-pack-
age (R Core Team 2019). Normality of cohorts had
been ensured using the Shapiro-Wilk-test (Oetz-
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mann von Sochaczewski et al. 2019a; Tagkalos et al.
2019). To improve precision of our regression anal-
ysis, we conducted a bootstrap regression analysis
using the simpleboot-package (version 1.1-7) (Peng
2019). In addition, we also bootstrapped a bias-cor-
rected, accelerated (Efron 1987) 95% confidence
interval of the mean relative carinal position using
the boot-package (version 1.3-22) (Canty and Ripley
2019) and constructed bias-corrected, accelerated
bootstrap 95% confidence intervals for correlation
coefficients using the wBoot-package (version 1.0.3)
(Weiss 2016). All bootstrap-procedures were based
on 10,000 repetitions (Baumgart et al. 2020).

Mean relative carinal position of the tracheal bifur-
cation, as measured from the proximal end of the
oesophagus, was at 30.1% of oesophageal length (95%
confidence interval: 29.6-31.5%) in rats aged eight
weeks (n=30). In this cohort, oesophageal length and
absolute carinal position were correlated with r=0.4
(95% confidence interval: 0.08-0.71; p=0.015) and it
increased with oesophageal length (Figure 1A). As a
result, the relative carinal position did not correlate
with oesophageal length (r=-0.29, 95% confidence
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interval: -0.58-0.17; p=0.203) and did not change
with increasing oesophageal length (Figure 1B).

Oesophageal length and absolute carinal posi-
tion were highly correlated in animals of different
ages with r=0.92 (95% confidence interval: 0.77-0.96;
p=0.0066) and absolute position also increased with
oesophageal length (Figure 2A). Similar to the other
cohort, there was no correlation of oesophageal
length with relative carinal position (r=-0.31, 95%
confidence interval: -0.66-0.32; p=0.279), which also
did not change with increasing oesophageal length
(Figure 2B).

The location of the tracheal bifurcation is of partic-
ular importance in oesophageal surgery: in neonates
born with oesophageal atresia it often determines the
location of trachea-oesophageal fistulas (Spitz, 2007)
and in adults the anastomosis following oesophagec-
tomy (Yuan et al. 2015). Incidentally, this is also the
segment of the oesophagus with the lowest vascular
and blood supply (Lister 1964; Oetzmann von Soch-
aczewski et al.; 2019d; Treutner et al. 1993). Fistula
location and anastomotic site also play important
roles in rat models of oesophageal diseases and sur-
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Figure 1. Linear univariate regression of oesophageal length for absolute and relative position of the tracheal bifurcation in

30 rats of eight weeks age.

A. Absolute carinal position of the tracheal bifurcation increases with oesophageal length. Position of the tracheal
bifurcation = 0.81 (95% confidence interval: -0.17-1.86) + 0.18 (95% confidence interval: 0.02-0.33) x oesophageal length
in centimetres. The model was statistically significant with F(1,28)=5.56; p=0.0256 and had an adjusted R* of 0.136.

B. Relative carinal position is not influenced by oesophageal length. Relative position of the tracheal bifurcation = 0.43
(95% confidence interval: 0.27-0.6) - 0.019 (95% confidence interval: -0.046-0.005) x oesophageal length in centimetres.
The model was statistically insignificant with F(1,28)=2.49; p=0.1257 and had an adjusted R of 0.049.
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Figure 2. Linear univariate regression of oesophageal length for absolute and relative position of the tracheal bifurcation in

20 rats aged 15 to 444 days.

A. Absolute carinal position of the tracheal bifurcation increases with oesophageal length. Position of the tracheal
bifurcation = 0.07 (95% confidence interval: -0.52-0.39) + 0.29 (95% confidence interval: 0.24-0.37) x oesophageal length
in centimetres. The model was statistically significant with F(1,18)=94.93; p<0.0001 and had an adjusted R* of 0.832.

B. Relative carinal position is not influenced by oesophageal length. Relative position of the tracheal bifurcation = 0.36
(95% confidence interval: 0.24-0.43) — 0.008 (95% confidence interval: -0.02-0.008) x oesophageal length in centimetres.
The model was statistically insignificant with F(1,18)=1.92; p=0.183 and had an adjusted R* of 0.045.

gery (Diez-Pardo et al. 1996; Man et al. 1988). As rats
grow throughout their lives (Eisen 1976; Pahl 1969)
we investigated whether airways would develop in
a corresponding manner to keep a constant positon
relative to the oesophagus or have a smaller growth
rate resulting in a more cranial location of the tra-
cheal bifurcation. Similarly, we analysed whether the
carinal position would be relatively constant at the
typical age of eight weeks of surgical models.

While Levrats initial experiments only lasted
a month (Levrat et al. 1962) it is now common to
extend experiments to up to 80 weeks (Gronnier et
al. 2013). It therefore needs to be ensured that ana-
tomical positions remain comparable throughout
study periods as malignant trachea-oesophageal
fistulae may develop. Their investigation is of par-
ticular clinical interest because a malignant tra-
chea-oesophageal fistula shortens life expectations
from months or years to just weeks (Shamji and
Inculet 2018). In contrast to post-oesophagectomy
trachea-oesophageal fistulae, which are inevitably
linked to anastomotic leaks (Lindner et al. 2017), not
much is known about their malignant counterparts
(Shamji and Inculet 2018). A similar relationship is
present in oesophageal atresia: genetics and associ-
ated anomalies have been investigated thoroughly
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(Bogs et al. 2018; Zhang et al. 2017), but not much is
known about recurrent trachea-oesophageal fistulae
and risk factors for their occurrence (Smithers et al.
2017). This highlights the importance of relative ana-
tomical positions, in particular if these grave com-
plications are investigated in rats as the first choice
model of basic research (Kapoor et al. 2015).

Our results demonstrate that the airways grow
proportionally to the oesophagus to maintain the rel-
ative position of the tracheal bifurcation at the distal
end of the proximal third of oesophageal length. A
word of caution is however necessary as our find-
ing may not be valid in all rat strains: it has previ-
ously been demonstrated that Sprague Dawley rats
have higher and organ weights than Fischer 344
rats (Schoeffner et al. 1999). Consequently, the rela-
tionship between airways and oesophagus found in
Sprague Dawley rats may not be the same in other
strains, particularly those with different growth char-
acteristics. In Sprague Dawley rats, proportional
growth of oesophagus and airways ensures reliabili-
ty of the model in terms of anatomical location for a
variety of research topics ranging from oesophageal
atresia in the neonate to oesophageal malignancy in
geriatric patients.



2020, Volume 46, Number 3

This study was conducted without funding and we
have nothing to disclose.

Baumgart, J., Deigendesch, N., Lindner, A., Muen-
sterer, O.]., Schroder, A., Heimann, A., Oetzmann von
Sochaczewski, C., (2020). Using multidimensional scal-
ing in model choice for congenital oesophageal atre-
sia: similarity analysis of human autopsy organ weights
with those from a comparative assessment of Aachen
Minipig and Pietrain piglets. Laboratory Animals. DOI:
10.1177/0023677220902184.

Bogs, T., Zwink, N., Chonitzki, V., Holscher, A., Boemers,
T.M., Muensterer, O., Kurz, R., Heydweiller, A., Pauly, M.,
Leutner, A., Ure, B.M., Lacher, M., Deffaa, O.]., Thiele, H.,
Bagci, S., Jenetzky, E., Schumacher, J., Reutter, H., (2018).
Esophageal atresia with or without tracheoesophageal
fistula (EA/TEF): Association of different EA/TEF sub-
types with specific co-occurring congenital anomalies and
implications for diagnostic workup. European Journal of
Pediatric Surgery. 28(2), 176-182. DOI: 10.1055/s-0036-
1597946.

Canty, A., Ripley, B., (2019). Boot: Bootstrap functions
(Originally by Angelo Canty for S). Available at: https://
CRAN.R-project.org/package=boot (accessed 14 April
2020).

Diez-Pardo, J.A., Baoquan, Q,., Navarro, C., Tovar, J.A.,
(1996). A new rodent experimental model of esophageal
atresia and tracheoesophageal fistula: Preliminary report.
Journal of Pediatric Surgery. 31(4), 498-502. DOI: 10.1016/
50022-3468(96)90482-0.

Efron, B., (1987). Better bootstrap confidence intervals.
Journal of the American Statistical Association. 82(397),
171-185. DOI: 10.2307/2289144.

Eisen, E.J., (1976). Results of growth curve analyses in
mice and rats. Journal of Animal Science. 42(4), 1008-
1023. DOI: 10.2527/jas1976.4241008x.

European Union, (2010). Directive 2010/63/EU of the
European Parliament and of the Council of 22 Septem-
ber 2010 on the protection of animals used for scientific
purposes. Official Journal of the European Union L276/33.
https://eur-lex.europa.eu/LexUriServ/LexUriServ.
do?uri=0J:L:2010:276:0033:0079:EN:PDF

Faul, E, Erdfelder, E., Lang, A.-G., Buchner, A., (2007).
G*Power 3: A flexible statistical power analysis program
for the social, behavioral, and biomedical sciences. Behav-
ior Research Methods. 39(2), 175-191. DOI: 10.3758/
BF03193146.

Festing, M.EW.,, Altman, D.G., (2002). Guidelines for the
design and statistical analysis of experiments using lab-
oratory animals. ILAR Journal. 43(4), 244-258.q DOLI:
10.1093/ilar.43.4.244.

Gronnier, C., Bruyere, E., Piessen, G., Briez, N., Bot, ],
Buob, D., Leteurtre, E., Van Seuningen, I., (2013). Oper-
atively induced chronic reflux in rats: A suitable model
for studying esophageal carcinogenesis? Surgery. 154(5),
955-967. DOI: 10.1016/j.surg.2013.05.029.

Ioannidis, J.PA., (2017). Acknowledging and over-
coming nonreproducibility in basic and preclinical
research. JAMA. 317(10), 1019-1020. DOI: 10.1001/
jama.2017.0549.

Kapoor, H., Lohani, K.R,, Lee, T.H., Agrawal, D.K., Mittal,
S.K., (2015). Animal models of Barrett’s esophagus and
esophageal adenocarcinoma - Past, present, and future:
Animal models of Barrett’s carcinogenesis. Clinical and
Translational Science. 8(6), 841-847. DOI: 10.1111/
cts.12304.

Levrat, M., Lambert, R., Kirshbaum, G., (1962). Esoph-
agitis produced by reflux of duodenal contents in rats.
Digestive Diseases and Sciences. 7, 564-573. DOI: 10.1007/
BF02236137.

Lindner, K., Liibbe, L., Miiller, A.-K., Palmes, D., Sen-
ninger, N., Hummel, R., (2017). Potential risk factors and
outcomes of fistulas between the upper intestinal tract and
the airway following Ivor-Lewis esophagectomy: Risk fac-
tors of airway fistulas. Diseases of the Esophagus. 30(3),
1-8. DOLI: 10.1111/dote.12459.

Lister, J., (1964). The blood supply of the oesophagus in
relation to oesophageal atresia. Archives of Disease in Child-
hood. 39(204), 131-137. DOL: 10.1136/adc.39.204.131.

Man, D.WK,, Tang, M.YM., Li, AK.C., (1988). End-to-
End oesophageal anastomosis: an experimental study
in the rat. Australian and New Zealand Journal of Sur-
gery. 58(12), 975-978. DOI: 10.1111/j.1445-2197.1988.
tb00104.x.

Oetzmann von Sochaczewski, C., Tagkalos, E., Lindner,
A., Baumgart, N., Gruber, G., Baumgart, J., Lang, H., Hei-
mann, A., Muensterer, O.]., (2019a). Bodyweight, not age,
determines oesophageal length and breaking strength in
rats. Journal of Pediatric Surgery. 54(2), 297-302. DOI:
10.1016/j.jpedsurg.2018.10.085.

Oetzmann von Sochaczewski, C., Tagkalos, E., Lindner,
A., Lang, H., Heimann, A., Schréder, A., Grimminger,
PP, Muensterer, O.]., (2019b). Esophageal biomechanics
revisited: A tale of tenacity, anastomoses, and suture bite
lengths in swine. The Annals of Thoracic Surgery. 107(6),
1670-1677. DOI: 10.1016/j.athoracsur.2018.12.009.

Oetzmann von Sochaczewski, C., Heimann, A, Linder, A.,
Kempski, O., Muensterer, O.]., (2019¢). Esophageal blood
flow may not be directly influenced by anastomotic ten-
sion: An exploratory laser doppler study in swine. Euro-
pean Journal of Pediatric Surgery. 29(6), 516-520. DOI:
10.1055/5-0038-1676979.

Oetzmann von Sochaczewski, C., Tagkalos, E., Lindner,
A.,, Lang, H., Heimann, A., Muensterer, O.]., (2019d).
Technical aspects in esophageal lengthening: An investi-
gation of traction procedures and suturing techniques in
swine. European Journal of Pediatric Surgery. 29(5), 481-
484. DOI: 10.1055/5-0038-1676506.

-29-



2020, Volume 46, Number 3

Pahl, P, (1969). Growth curves for body weight of the lab-
oratory rat. Australian Journal of Biological Sciences. 22(4),
1077. DOI: 10.1071/BI9691077.

Peng, R.D., (2019). Simpleboot: Simple bootstrap routines.
Available at: https://CRAN.R-project.org/package=simple-
boot (accessed 26 May 2019).

R Core Team, (2019). R: A Language and environment
for statistical computing. Vienna: R Foundation for statis-
tical computing. Available at: https://www.R-project.org
(accessed 25 February 2019).

Schoeffner, D.]., Warren, D.A., Muralidara, S., Bruckner,
J.V.,, Simmons, J.E., (1999). Organ weights and fat volume
in rats as a function of strain and age. Journal of Toxicology
and Environmental Health, Part A. 56(7), 449-462. DOI:
10.1080/009841099157917.

Shamyji, EM., Inculet, R., (2018). Management of malig-
nant tracheoesophageal fistula. Thoracic Surgery Clinics.
28(3), 393-402. DOI: 10.1016/j.thorsurg.2018.04.007.

Smithers, C.J., Hamilton, T.E., Manfredi, M.A., Rhein, L.,
Ngo, P, Gallagher, D., Foker, J.E., Jennings, R.W., (2017).
Categorization and repair of recurrent and acquired tra-
cheoesophageal fistulae occurring after esophageal atresia
repair. Journal of Pediatric Surgery. 52(3), 424-430. DOL:
10.1016/j.jpedsurg.2016.08.012.

Spitz, L., (2007). Oesophageal atresia. Orphanet Journal of
Rare Diseases. 2, 24. DOI: 10.1186/1750-1172-2-24.

Tagkalos, E., Lindner, A., Gruber, G., Lang, H., Heimann,
A., Grimminger, P.P., Muensterer, O.]., Oetzmann von
Sochaczewski, C., (2020). Using simple interrupted suture
anastomoses may impair translatability of experimen-
tal rodent oesophageal surgery. Acta Chirurgica Belgica.
120(5), 310-314. DOI: 10.1080/00015458.2019.1610263.

-30-

Treutner, K.H., Ophoff, K., Klosterhalfen, B., Winkelt-
au, G., Schumpelick, V., (1993). Microvasculature of the
human esophagus: A study on 25 autopsy specimens. Clin-
ical Anatomy. 6(4), 217-221. DOIL: 10.1002/ca.980060404.

Weiss, N.A., (2016). WBoot: Bootstrap methods. Available
at: https://CRAN.R-project.org/package=wBoot (accessed
26 May 2019).

Yuan, Y., Wang, K.-N., Chen, L.-Q., (2015). Esophageal
anastomosis. Diseases of the Esophagus. 28(2), 127-137.
DOI: 10.1111/dote.12171.

Zhang, R., Marsch, F, Kause, E, Degenhardt, E, Schmie-
deke, E., Marzheuser, S., Hoppe, B., Bachour, H., Boemers,
T.M., Schifer, M., Spychalski, N., Neser, J., Leonhardt,
]., Kosch, F, Ure, B., Gémez, B., Lacher, M., Deffaa, O.],,
Palta, M., Wittekindt, B., Kleine, K., Schmedding, A,
Grasshoft-Derr, S., van der Ven, A., Heilmann-Heimbach,
S., Zwink, N., Jenetzky, E., Ludwig, M., Reutter, H., (2017).
Array-based molecular karyotyping in 115 VATER/VAC-
TERL and VATER/VACTERL-like patients identifies dis-
ease-causing copy number variations: CNV analysis in
the VATER/VACTERL association. Birth Defects Research.
109(13), 1063-1069. DOI: 10.1002/bdr2.1042.



