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Background: A surgical approach preserving functional adrenal tissue allows biochemical cure while
avoiding the need for lifelong steroid replacement. The aim of this experimental study was to evaluate
the impact of intraoperative imaging during bilateral partial adrenalectomy on remnant perfusion and
function.
Methods: Five pigs underwent bilateral posterior retroperitoneoscopic central adrenal gland division (9
divided glands, 1 undivided). Intraoperative perfusion assessment included computer-assisted quantita-
tive fluorescence imaging, contrast-enhanced CT, confocal laser endomicroscopy (CLE) and local lactate
sampling. Specimen analysis after completion adrenalectomy (10 adrenal glands) comprised mitochon-
drial activity and electron microscopy.
Results: Fluorescence signal intensity evolution over time was significantly lower in the cranial segment
of each adrenal gland (mean(s.d.) 0⋅052(0⋅057) versus 0⋅133(0⋅057) change in intensity per s for cranial
versus caudal parts respectively; P = 0⋅020). Concordantly, intraoperative CT in the portal phase demon-
strated significantly lower contrast uptake in cranial segments (P = 0⋅031). In CLE, fluorescein contrast
was observed in all caudal segments, but in only four of nine cranial segments (P = 0⋅035). Imaging
findings favouring caudal perfusion were congruent, with significantly lower local capillary lactate lev-
els caudally (mean(s.d.) 5⋅66(5⋅79) versus 11⋅58(6⋅53) mmol/l for caudal versus cranial parts respectively;
P = 0⋅008). Electron microscopy showed more necrotic cells cranially (P = 0⋅031). There was no disparity
in mitochondrial activity (respiratory rates, reactive oxygen species and hydrogen peroxide production)
between the different segments.
Conclusion: In a model of bilateral partial adrenalectomy, three intraoperative imaging modalities consis-
tently discriminated between regular and reduced adrenal remnant perfusion. By avoiding circumferential
dissection, mitochondrial function was preserved in each segment of the adrenal glands.

Surgical relevance
Preservation of adrenal tissue to maintain postoperative function
is essential in bilateral and hereditary adrenal pathologies. There
is interindividual variation in residual adrenocortical stress capac-
ity, and the minimal functional remnant size is unknown.

New intraoperative imaging technologies allow improved rem-
nant size and perfusion assessment. Fluorescence imaging and

contrast-enhanced intraoperative CT showed congruent results

in evaluation of perfusion.

Intraoperative imaging can help to visualize the remnant vas-

cular supply in partial adrenalectomy. Intraoperative assessment

of perfusion may foster maximal functional tissue preservation in

bilateral adrenal pathologies and procedures.
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Introduction

Cortical-sparing surgery is a surgical approach in which
functional adrenal tissue is preserved, unilaterally or bilat-
erally, whenever possible. In primary adrenal pathologies,
it allows biochemical cure while avoiding the need for life-
long steroid replacement. Cortical-sparing surgery results
in low rates of adrenal insufficiency and disease recur-
rence, as demonstrated for various unilateral and bilateral
adrenal neoplasias1–4. The retroperitoneoscopic approach
has been reported to be associated with the lowest recur-
rence rates after partial adrenalectomy5. An increasing
number of small adrenal masses has been identified through
the widespread use of imaging modalities. Adrenal-sparing
surgery is gaining popularity worldwide6, and removal of
the entire gland can no longer be recommended as the stan-
dard treatment for small benign adrenal tumours7. Preser-
vation of functional adrenal tissue has to be pursued for
bilateral tumours, and may be considered for unilateral dis-
ease if the lesion can be removed completely8.

Optimal perfusion is key to the preservation of organ
function. Advances in intraoperative imaging technologies
have led to the potential for precise assessment of organ
perfusion9. Not only does CT determine adrenal remnant
volume10, but its intraoperative use with contrast enhance-
ment can also provide perfusion assessment. Imaging based
on fluorescence angiography allows quantification of organ
perfusion in real time. Confocal laser endomicroscopy
(CLE) enables evaluation of the microcirculation, in addi-
tion to real-time in vivo histopathological assessment9.

The aim of this study was to investigate whether post-
operative remnant adrenal function can be estimated
using intraoperative imaging technologies, in a model of
cortical-sparing bilateral posterior retroperitoneoscopic
adrenal surgery.

Methods

Five Large White pigs (Sus scrofa domesticus, four male and
one female; mean(s.d.) weight 42⋅8(3⋅9) kg) were used in
the study, as part of the ELIOS (Endoscopic Luminescent
Imaging for precision Oncologic Surgery) protocol, which
received full approval from the local Ethical Committee on
Animal Experimentation (ICOMETH 38.2017.01.085),
and the Ministry of Superior Education and Research
(APAFIS 8721-2017013010316298v2). All animals used in
the experimental laboratory were managed according to
French laws for animal use and care, European Community
Council directives (2010/63/EU), and ARRIVE guidelines,
as described previously11.

To reduce the number of animals used, a bilateral
approach simulating four adrenal remnants per pig was

chosen. The animals underwent posterior retroperitoneo-
scopic central division of both adrenal glands (9 divided
glands, 1 intact gland). Intraoperative tools for remnant
perfusion assessment included computer-assisted quantita-
tive fluorescence imaging, local lactate sampling, contrast-
enhanced CT and CLE. After bilateral retroperitoneo-
scopic completion adrenalectomy (10 glands), specimen
analysis included mitochondrial activity and electron
microscopy on surgical biopsies of all four regions of
interest (ROIs).

Operative technique

The operative technique described for posterior retroperi-
toneoscopic adrenalectomy in the porcine model12 was
derived from the human technique2. As a partial adrenalec-
tomy model of four adrenal segments per pig, bilateral
central division of each gland created a cranial and a cau-
dal remnant on each side. A vessel-sealing device was
used (LigaSure™; Medtronic, Minneapolis, Minnesota,
USA) for gland division without circumferential dissec-
tion. With this bilateral retroperitoneoscopic access, simul-
taneous adrenal fluorescence imaging was done by intra-
venous administration of 3 ml of a 2⋅5-mg/ml indocyanine
green (ICG) solution (Infracyanine®; Serb, Paris, France),
using two near-infrared camera systems (D-LIGHT P;
Karl Storz, Tuttlingen, Germany)12. After intraoperative
imaging and lactate analyses, completion adrenalectomy
was performed. The adrenal glands were extracted through
a port, and subjected to postoperative specimen analysis.

Intraoperative analysis

Fluorescence-based enhanced reality computer-assisted
fluorescence imaging
Fluorescence-based enhanced reality (FLER) imaging
was done using ER-PERFUSION software to simultane-
ously and quantitatively analyse perfusion in all adrenal
gland segments. This proprietary software, developed
at the Institute for Research against Digestive Cancer
(IRCAD) France13, measures the dynamic evolution of
fluorescence signal intensity (FSI) over time. Focusing
on the 40-s time interval between FSI arrival and signal
decrease, the variation from 25 to 75 per cent of maxi-
mal intensity was analysed. This slope of FSI evolution
dynamics was used for quantitative near-infrared fluores-
cence perfusion imaging11,12. Perfusion data from each
imaging system were translated into a colour-coded car-
togram, which was superimposed on to the real-time
view of the corresponding left and right camera
systems12.

© 2020 The Authors. British Journal of Surgery published by John Wiley & Sons Ltd www.bjs.co.uk BJS 2020; 107: 1780–1790
on behalf of BJS Society Ltd.
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Fig 1 Quantitative adrenal perfusion assessment using fluorescence-based enhanced reality computer-assisted fluorescence imaging
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a White light and b enhanced reality intraoperative views of a divided left adrenal gland. Asterisks mark measuring points for representative perfusion
curves. c Perfusion curves for cranial and caudal parts of the adrenal gland, and kidney. The cranial adrenal part (dotted arrow) shows decreased perfusion
(blue), whereas perfusion of the caudal segment (solid arrow, red) is equal to that of the kidney.

Intraoperative CT
Dual-phase abdominal CT was carried out immediately
after surgical division of both adrenal glands (Somatom
Definition AS; Siemens, Erlangen, Germany) (1 s gantry
rotation time, 128× 0⋅6 mm section collimation using a
z-flying focal spot, and 700 reference mAmp-s tube current
with automatic exposure control at a tube voltage of 100 kV
for the arterial phase and 120 kV for the portal phase) fol-
lowing intravenous injection of contrast (50 ml Iomeron®
400; Bracco Imaging, Milan, Italy); the arterial-phase scan
was acquired 35 s after the start of contrast administration,
and the portal-phase scan 80 s after the start of contrast
administration.

CT images from three pigs randomly selected from
the authors’ database (6 adrenal glands without surgical
intervention) served as controls for CT perfusion analysis.

Using the portal-phase acquisition, contrast uptake was
estimated by placing a 0⋅3-cm2 circular ROI cranially and
caudally in both adrenal glands. The mean Hounsfield
Unit (HU) value within the ROI was considered a surro-
gate marker of perfusion for the respective gland segment.
The difference in HU between cranial and caudal ROIs of
each gland was compared between the surgery and control
groups.

Confocal laser endomicroscopy
Probe-based CLE was performed on both segments of
each adrenal gland, using a GastroFlex™ UHD Confo-
cal Miniprobe™ (Cellvizio®; Mauna Kea Technologies,
Paris, France) as described previously14. Video record-
ing of adrenal CLE probe imaging was done directly
after intravenous injection of 5 ml 10 per cent sodium

© 2020 The Authors. British Journal of Surgery published by John Wiley & Sons Ltd www.bjs.co.uk BJS 2020; 107: 1780–1790
on behalf of BJS Society Ltd.
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Fig 2 Quantitative adrenal perfusion assessment by contrast-enhanced CT
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[3] Circular ROI
Min/Max: 91 HU/144 HU
Mean/s.d. 124 HU/12 HU
Surface: 0·29 cm2

[4] Circular ROI
Min/Max: 96 HU/151 HU
Mean/s.d. 123 HU/11 HU
Surface: 0·29 cm2

[1] Circular ROI
Min/Max: 111 HU/153 HU
Mean/s.d. 131 HU/10 HU
Surface: 0·30 cm2

[2] Circular ROI
Min/Max: 107 HU/159 HU
Mean/s.d. 125 HU/11 HU
Surface: 0·30 cm2

CT images of a right and b left adrenal gland (control group). Regions of interest (ROIs) are marked by black circles; dotted arrows represent the cranial
part and solid arrows the caudal part. c Mean(s.d.) difference between cranial and caudal CT measurements in surgery and control groups. HU, Hounsfield
Units. *P = 0⋅006 (Mann–Whitney U test).

fluorescein (Fluocyne®; Serb). The presence or absence
of fluorophore arrival in the tissue was documented.

Lactate measurement
Adrenal capillary blood samples were obtained by punctur-
ing the ROIs in each gland one by one, sterile aspiration
through a trocar using a motorized pipette filler, and ana-
lysis using a strip-based EDGE Blood Lactate Monitoring
System (ApexBio, Hsinchu City, Taiwan)11.

Postoperative specimen analysis

Additional technical details can be found in Appendix S1
(supporting information).

Electron microscopy
The ultrastructural analysis focused on the zona fasciculata,
which forms up to 75 per cent of the adrenal cortex and is
the principal source of glucocorticoid hormone synthesis
that is essential for life15. Semithin sections were examined
using an optical microscope, and ultrathin sections using
an electron microscope.

Mitochondrial respiratory chain assessment and hydrogen
peroxide production
In biopsies obtained immediately after surgical removal of
each specimen, mitochondrial respiratory rate was mea-
sured by a technique reported elsewhere16, and hydro-
gen peroxide production was determined simultaneously

using a high-resolution oxygraph (Oxygraph-2 k; Oroboros
Instruments, Innsbruck, Austria).

Determination of reactive oxygen species formation
By detecting and recording electromagnetic radiation
energy, the reactive oxygen species (ROS) concentra-
tion was determined directly with a specific spin probe
(1-hydroxy-3-methoxycarbonyl-2,2,5,5-tetramethylpyrro
lidine hydrochloride)17.

Statistical analysis

The sample size was calculated based on a previous study
of bowel ischaemia13. Eight control adrenal biopsies for
mitochondrial function assessment were obtained within
the framework of another study, immediately after induc-
tion of anaesthesia. Using a superiority design, and based
on the hypothesis that the maximum mitochondrial respi-
ratory rate (V adenosine 5′-diphosphate (ADP)) decrease
in the experimental group would be at least 60 per cent
compared with that in the control group, a sample size of
six assessment points per group was deemed sufficient to
detect a significant difference with an α of 5 per cent and a
power (1 – β) of 90 per cent.

To compare values for the cranial and caudal segments
of each gland, the Wilcoxon matched-pairs signed-rank
test was used for analyses of CT, FLER, lactate concen-
tration, necrosis rate and mitochondrial function, and the

© 2020 The Authors. British Journal of Surgery published by John Wiley & Sons Ltd www.bjs.co.uk BJS 2020; 107: 1780–1790
on behalf of BJS Society Ltd.
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Fig 3 Confocal laser endomicroscopic image series from one animal

a  Cranial left b  Cranial right

c  Caudal left d  Caudal right

20 μm 20 μm
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After adrenal gland division, both a cranial and c caudal left adrenal gland segments and the d right caudal one remained vascularized, with fluorescein
contrast enhancement in the abundant capillary network. b No contrast enhancement was observed in the right cranial segment owing to insufficient
arterial inflow.

χ2 test with Yates’ correction for analysis of CLE data.
The Mann–Whitney U test was used to compare mea-
surements between the control and surgery groups in the
analysis of CT values. P < 0⋅050 was considered statistically
significant. All statistical analyses were done using Prism®
version 8 for macOS® (GraphPad Software, San Diego,
California, USA).

Results

Retroperitoneoscopic access and bilateral adrenal
gland division, intraoperative imaging and subsequent

adrenalectomies were completed without complications
using three trocars on each side and an insufflation pressure
of 12–15 mmHg.

Fluorescence-based enhanced reality
computer-assisted fluorescence imaging

Perfusion as the speed of fluorescence signal arrival is
represented by FSI variation over time, calculated using
FLER. As the D-LIGHT P imaging system uses an
eight-bit code (scale range 0 (no signal) to 255 (maximum
intensity)), the measured FSI values were normalized

© 2020 The Authors. British Journal of Surgery published by John Wiley & Sons Ltd www.bjs.co.uk BJS 2020; 107: 1780–1790
on behalf of BJS Society Ltd.
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(divided by 255, resulting in a range from 0 to 1). As the
video records one frame every 0⋅2 s, division by 0⋅2 resulted
in data expression as the slope of normalized fluorescence
intensity variation over time, in ΔI per s. The slope
was significantly lower in the cranial than in the caudal
segment of each adrenal gland (mean(s.d.) 0⋅052(0⋅057)
versus 0⋅133(0⋅057) ΔI/s; P = 0⋅020). Superimposition
of the ER-PERFUSION software-based colour-coded
perfusion cartogram provided an enhanced reality view in
real time (Fig. 1).

Contrast-enhanced CT

Intraoperative CT demonstrated significantly lower con-
trast uptake in cranial compared with caudal segments in
the portal phase (P = 0⋅031). The mean difference between
cranial and caudal contrast uptake was significantly greater
in the surgery group than in the control group (mean(s.d.)
–39⋅14(35⋅57) versus 1⋅29(7⋅25) HU; P = 0⋅006) (Fig. 2).

Confocal laser endomicroscopy

Although fluorescein contrast was observed in all caudal
segments, it was present in only four of nine cranial seg-
ments (P = 0⋅035) (Fig. 3).

Local adrenal capillary lactate levels

Local capillary lactate levels were significantly higher
in the cranial than in the caudal adrenal segment
(mean(s.d.) 11⋅58(6⋅53) versus 5⋅66(5⋅79) mmol/l respec-
tively; P = 0⋅008).

Overview of in vivo analyses

Intraoperative discrimination between regular and
reduced perfusion of adrenal remnants was achieved
using diverse imaging modalities. This in vivo analysis
showed concordant quantitative findings for perfusion
evaluation by means of FLER fluorescence imaging and
contrast-enhanced CT. They were also consistent with
CLE observations, and validated by the intraoperative
metabolic assessment using local capillary lactate levels,
which favoured caudal segment perfusion (Fig. 4).

Electron microscopy

Representative toluidine blue-stained semithin sections
and electron microscopic images of bilateral gland seg-
ments from one pig are shown in Fig. S1 (supporting
information). Histopathological and ultrastructural fea-
tures are detailed in Appendix S2 (supporting information).

Fig 4 Comparison of results for different intraoperative assess-
ment modalities

a  CT measurements b  FLER measurements
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Measurements from a CT, b fluorescence-based enhanced reality (FLER)
computer-assisted fluorescence imaging and c confocal laser endomi-
croscopy (CLE), and d local capillary lactate concentration. The higher
uptake of contrast in caudal segments shown by CT, FLER and CLE
was indicative of the preserved arterial blood supply in this region. With
reduced oxygen supply due to impaired arterial inflow, lactate production
was increased in cranial segments. HU, Hounsfield Units; ΔI, change in
intensity. Values are mean(s.d.). *P < 0⋅050 (a,b,d Wilcoxon matched-pairs
signed-rank test; c χ2 test with Yates’ correction).

More necrotic cells were observed in cranial segments
than caudal ones (41⋅1(27⋅6) versus 14⋅4(7⋅3 per cent;
P = 0⋅031). In the majority of remnants (16 of 19), the cel-
lular necrosis rate determined using electron microscopy
was 50 per cent or less.

Mitochondrial respiratory chain assessment

Mitochondrial respiration rates did not differ between
cranial and caudal segments, either after gland division,
or in the control group. In an analysis according to time
interval between gland division and specimen extraction
with biopsies (range 1⋅75–4⋅3 h), there was no statisti-
cally significant time-dependent difference (less than 3 h

© 2020 The Authors. British Journal of Surgery published by John Wiley & Sons Ltd www.bjs.co.uk BJS 2020; 107: 1780–1790
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Fig 5 Mitochondrial respiration rates, and reactive oxygen species and hydrogen peroxide production in adrenal biopsies

a  Mitochondrial respiratory rate
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versus 3 h or more). Basal and maximum oxygen consump-
tion were significantly higher in the surgery group than
in the control group (V0 and V ADP both P< 0⋅001),
including respiratory rate in the presence of succinate
(P = 0⋅042). Mitochondrial respiratory rates after stim-
ulation of complex IV (respiratory rate after addition of
N ′-tetramethyl-p-phenylenediamine dihydrochloride and
ascorbate) were maintained in all segments. (Fig. 5a). The
residual perfusion after gland division preserved mitochon-
drial activity, as demonstrated by a physiological response
to all added substrates for the different mitochondrial
complexes.

Hydrogen peroxide production

No significant difference in hydrogen peroxide production
rates was observed between groups (surgery versus control,
interval less than 3 h versus 3 h or more) or different seg-
ments (Fig. 5c,d).

Reactive oxygen species formation

There was no statistically significant difference in ROS
production between the groups or different segments
(Fig. 5b). Comparing corresponding ROIs, there was a

© 2020 The Authors. British Journal of Surgery published by John Wiley & Sons Ltd www.bjs.co.uk BJS 2020; 107: 1780–1790
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non-significant tendency towards higher ROS production
in the control group. A significantly higher ROS produc-
tion rate was observed for an interval between gland divi-
sion and specimen biopsies of 3 h or more versus less than
3 h (0⋅18(0⋅07) versus 0⋅12(0⋅06) μmol per min per mg dry
weight respectively; P = 0⋅050).

Overview of ex vivo analyses

Electron microscopy identified signs of cellular damage
in some cranial adrenal segments. However, as visualized
by mitochondrial respirometry (Fig. S2, supporting infor-
mation), the functional capacity of each segment was pre-
served in the surgery group. Tendencies towards higher
hydrogen peroxide and ROS production in the right versus
left and cranial versus caudal ROIs did not reach statistical
significance.

Discussion

The present study was based on the ability of quantitative
fluorescence imaging to visualize adrenal perfusion12.
FLER was complemented by further quantitative mea-
surements from contrast-enhanced CT (contrast uptake
in adrenal segments) and local capillary lactate levels,
along with the binary interpretation of CLE (presence
or absence of fluorescein uptake). Contrast-enhanced
intraoperative CT is feasible where available, but entails
exposure to ionizing radiation and has a significant impact
on surgical workflow9. Fluorescence imaging is more
practicable. Probe-based CLE was able to visualize pre-
served arterial perfusion with fluorescein uptake, whereas
FLER allowed quantification of the speed of fluorescence
signal arrival.

After gland division, all intraoperative measurements
concordantly discriminated between regular and reduced
adrenal remnant perfusion. The cranial adrenal segment
was at higher risk of venous congestion and arterial per-
fusion deficiency, with division of the main vascular sup-
ply (dominant caudal arteries and caudal outlet of central
veins). Although the right adrenal vein is located near the
superior pole in humans, the porcine one drains caudally
into the vena cava. On the left side, in both species the cen-
tral adrenal vein drains caudally into the left renal vein12

(Fig. S3, supporting information). Consequently, venous
congestion was observed in the opposite pole of each
adrenal gland. However, preservation of the main adrenal
vein is not required to maintain adrenocortical function4,12.
The three groups of arteries (superior/cranial, middle and
inferior/caudal) are congruent in the porcine model as well
as in humans, as shown in a preparatory study12 (Fig. S3,

supporting information). Many arterioles form a capsular
plexus and irrigate the adrenal cortex15.

In the present study, reduced perfusion was observed in
the cranial segments bilaterally on intraoperative imaging,
along with higher lactate levels. These findings can be
attributed to a reported dominant supply by the porcine
inferior adrenal arteries12. The abundant arterial network
reaching the adrenal capsule has to be preserved in partial
adrenalectomy, in order to maximize remnant viability
and functionality. Therefore, an optimal surgical technique
avoids circumferential dissection in partial adrenalectomy.

Mitochondrial respiratory chain assessment was used to
investigate the surgical impact of partial adrenalectomy on
steroidogenic function. Quantitative functional estimation
of the various mitochondrial enzyme complexes implicated
in oxidative phosphorylation, by means of oxygraphic mito-
chondrial respiratory chain assessment, is a robust tool that
has been used in ischaemia–reperfusion studies18. Signifi-
cant reductions in basal (V0) and maximum (V ADP) res-
piratory rate were indicative of early significant respiratory
chain impairment in ischaemic zones compared with vascu-
larized zones18. However, V0 and V ADP were not reduced
in the present study, suggesting an absence of significant
ischaemic adrenal impairment.

Oxidative stress leads to impaired steroidogenesis, oxida-
tive damage to the adrenal gland, and has been impli-
cated in human adrenal failure19. Surgical reduction of
adrenal size has a negative effect on oxidative stress capac-
ity. Interindividual variation in the procedure’s impact on
stress capacity has been observed10. Given the high lipid
turnover in the mitochondria and ROS production dur-
ing steroidogenesis, the adrenal cortex possesses high lev-
els of antioxidants to maintain redox homeostasis and
prevent malfunction19. At low concentrations, ROS pro-
mote cell adaptation to stress conditions, supporting cell
survival. Once the cellular antioxidant capacity has been
overwhelmed, ROS concentrations may increase dramat-
ically and cause substantial cell damage and cell death20.
The bilateral tendency towards higher ROS and hydro-
gen peroxide production in the cranial segments of divided
glands could indicate greater vulnerability of the cra-
nial adrenal remnants to maintenance of steroidogenic
function. This difference was, however, not statistically
significant.

Cortisol measurements were considered initially and,
with the few blood drops emerging after puncturing the
gland, it may have been possible technically to obtain a
sufficient, yet minimal quantity for laboratory analysis.
There are, however, no reference values for total and/or
free cortisol levels inside the adrenal gland, and no known
correlation with postoperative adrenal function.
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To prevent an Addisonian crisis with potentially
lethal complications after adrenal surgery, exogenous
corticosteroid replacement therapy is mandatory. The
management of adrenal insufficiency can be challeng-
ing, and alternative curative strategies were sought for
decades21. Attempts at adrenal autotransplantation in
the 1960s were discarded. Allotransplantation and xeno-
transplantation as well as stem cell treatments have been
explored as potential treatment alternatives21. Currently,
tissue removal needs to be minimized to obtain maximum
adrenal function after surgery. Leaving at least 15–30
per cent of residual adrenal tissue has been reported as a
requirement for sufficient function6,22. Some authors6,23

have demonstrated that patients who have undergone
unilateral adrenalectomy do not respond to stress situa-
tions in the same way as normal controls. On the other
hand, an intact stress capacity was noted in a patient
in whom only 10 per cent of adrenal tissue was pre-
served, and a correlation between residual volume and
adrenocortical stress capacity was reported10. There are
currently no definitive data on the minimum amount
of residual adrenal tissue to be left in situ to maintain
physiological adrenal function5,10. Inability to assess the
different adrenal zones and cellular cortisol-producing
capacity during surgery was the limiting factor in deter-
mining the smallest functional adrenal remnant size. The
precision of intraoperative adrenal remnant volume deter-
mination was found to be limited compared with that of
postoperative CT10.

Fluorescence guidance in cortical-sparing adrenal
surgery is currently being explored. In its first clinical
description in 201324, it was used in three patients before
adrenal gland dissection during partial adrenalectomy, to
differentiate adrenal masses from normal adrenal tissue.
Most studies have reported use of ICG injection before
adrenal dissection25–27, or before and during adrenal
dissection28, for intraoperative guidance. ICG injection
is valued not only for guidance during dissection, but
particularly for remnant perfusion assessment in partial
adrenalectomy12 (M. K. Walz, P. F. Alesina and B. Seeliger,
unpublished clinical data). Fluorescence signal interpre-
tation is, however, subjective and clinical perfusion data
are scarce. One study29 reported unilateral visualization of
the preserved remnant blood supply in four robot-assisted
partial adrenalectomies. A study30 reporting bilateral ICG
remnant perfusion imaging in three patients undergoing
bilateral laparoscopic partial adrenalectomy was published
recently. Persistent adrenal insufficiency was observed
in a patient with only moderate fluorescent bilateral
remnant vascularization, whereas normal plasma corti-
sol levels were found in two patients with bilateral well

vascularized fluorescent remnants. The remnant sizes were
not reported.

Clinical studies are required to define the smallest
functional remnant size, taking residual gland volume
and perfusion into account, as well as structural changes.
To make a precise assessment of the surgical impact on
adrenal/mitochondrial steroidogenic function, intraoper-
ative quantification of remnant size and perfusion status
must be correlated with remaining cellular cortisol pro-
duction capacity. Residual adrenal tissue cannot yet be
assessed ultrastructurally in clinical practice without any
further reduction of its size by taking biopsies. Quantita-
tive perfusion imaging has the potential to be a surrogate
marker for cellular integrity. A significant difference in
FSI dynamics between well vascularized and circumferen-
tially dissected malperfused adrenal segments was shown
previously12. In the present study, FLER was again rapid
and reproducible, and the findings of all intraoperative
imaging techniques used were congruent. The present
preclinical investigations were chosen to gain an initial
insight into the relationship between intraoperative per-
fusion assessment and viability of the adrenal remnant.
With a necrosis rate of 50 per cent or less in the major-
ity of remnants, the tendency towards higher hydrogen
peroxide and ROS production rates in the cranial ROIs
suggests a compensatory increase in mitochondrial activity
in the viable cells. Hence, although reduced in the cranial
segments, remnant perfusion as quantified by CT and
FLER seemed sufficient to maintain steroidogenic func-
tion. These findings encourage cortical-sparing surgery,
with maximal bilateral preservation of adrenal vasculariza-
tion and healthy parenchyma, in order to avoid adrenal
insufficiency and substitution therapy.
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