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Hypothermic machine perfusion (HMP) appears to exert a reconditioning effect on the ischemic damage of kid-
ney grafts. However, some concerns still remain about its real effectiveness when it is delayed after a prelim-
inary period of static cold storage (SCS) or with prolonged overall cold ischemia time (CIT).

The effect of HMP on hemodynamic, metabolic, histological and ultrastructural features of grafts was investi-
gated in 21 single-kidney grafts treated with a delayed HMP after SCS and with a total CIT of over 24 h.

The mean CIT, SCS, and HMP times were 29 h, 12 h, and 18 h, respectively. Longer SCS was associated with
higher vascular resistance and lower arterial flow. In the pre- vs. post-HMP comparison, a significant decrease
in arterial resistances and increase of flow were recorded. The hemodynamic improvement was independent
of HMP duration. The perfused grafts retained some metabolic activity, with a statistically significant decrease
of pH, pO2, and glucose levels, and increase of lactates in the perfusion liquid, by the end of HMP. Longer SCS
was associated with higher pH and greater pO2 decrease during HMP. Light microscopy and transmission elec-
tronic microscopy revealed no significant variations in nuclear, cytoplasmic, or ultrastructural damage. SCS,
HMP, and CIT were not identified as risk factor for delayed graft function or rejection.

A delayed and extended HMP can recover the graft hemodynamic function, maintain some metabolic activity,
and stabilize the accumulated ischemic damage due to a preliminary SCS.

Cold Ischemia ¢ Kidney Transplantation e Kidneys, Artificial

AR - acute rejection; BMI — body mass index; CEUS — contrast-enhanced ultrasound; CIT - cold ischemia
time; DBD - donation after brain death; DCD — donation after cardiac death; DGF — delayed graft func-
tion; ECD — extended-criteria donors; HMP — hypothermic machine perfusion; ICU — Intensive Care Unit;
IQR - interquartile range; KT — kidney transplantation; SCS — static cold storage; TEM — transmission
electronic microscopy; WIT — warm ischemia time
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Background

In deceased-donor kidney transplantation (KT), a prolonged cold
ischemia time (CIT) has been identified as an independent risk
factor for delayed graft function (DGF), acute rejection (AR),
and poor graft survival [1,2]. It has been demonstrated that
there is a proportional and independent increase in the risk
of graft loss and patient mortality for each additional hour of
CIT [2]. Furthermore, the extension of donor criteria to meet
the transplant demand has led to the inclusion of high-risk
categories such as donors after circulatory death (DCD) or do-
nors with advanced age or significant comorbidities, which all
show a higher susceptibility to ischemia-reperfusion injury [3].
Thus, to improve the long-term KT outcomes, efforts to mini-
mize CIT have been universally advocated [2].

Thanks to recent technology advances, hypothermic machine
perfusion (HMP) has become available in many transplant cen-
ters [4]. HMP provides a new strategy of pre-transplant graft
management with potential advantages, not only in terms of
KT outcome [5,6], but also for KT logistics, optimizing the re-
cipient’s preparation and scheduling the surgical procedure [4].
Although recent meta-analyses have verified that HMP com-
pared to static cold storage (SCS) does significantly reduce
the incidence of DGF [2,7,8], some heterogeneity among ran-
domized controlled trials does exist, particularly in respect to
graft survival. A potential explanation of such differences has
been correlated with the modality of HMP used [9]. As a mat-
ter of fact, some centers start HWP immediately after pro-
curement [10], while others delay it after a period of SCS [11],
usually required during the transfer of the organ from the pro-
curement hospital to the transplant center. Whether such pre-
liminary SCS time still has a detrimental effect on the final KT
outcome and whether the HMP improves or stabilizes the al-
ready established graft injury has not been fully clarified [9].

Material and Methods

Patient characteristics

During the period October 2017 to June 2018 at the Liver-
Kidney Transplant Unit of Udine Academic Hospital, 21 kidney
grafts from donation after brain death (DBD), suitable for sin-
gle-graft transplantation but with an expected CIT over 24 h
due to logistic reasons, were prospectively selected for HMP.
CIT was defined as the time interval between cross-clamping
and graft placement in the abdomen. Expanded-criteria do-
nors (ECD) were not excluded and were defined according to
standardized protocols, as follows: donor age >70 years; creat-
inine clearance <60 mL/min; and presence of at least 2 of the
following circumstances: severe hypertension in pharmacolog-
ical treatment with 2 or more drugs, cardiovascular accident,
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diabetes mellitus in pharmacological therapy, or presence of
proteinuria >1 g/24 h. In such cases, a Remuzzi score <4 was
required for single-kidney graft allocation. The demographic
and clinical characteristics of donors and recipients are sum-
marized in Table 1. Mean donor age was 60+13.4 years, and
47.6% (10 patients) of them were classified as ECD. Three do-
nors were older than 70 years, 50% had arterial hypertension,
20% had chronic ischemic heart disease, 10% had chronic re-
nal failure with proteinuria, 10% had acute renal failure with
proteinuria, and 10% had diabetes. In these cases, the medi-
an Remuzzi score was 3.5 (2-4). The mean CIT, SCS, and HMP
time were 29 h, 12 h, and 18 h, respectively.

Graft management and assessment

Immediately after procurement, all grafts were flushed with
500 mL Celsior preservation solution (Genzyme) and stored for
a period of SCS until arrival at the transplant center. Following
back-table surgery, the kidneys were managed with overnight
HMP using a Life Port Kidney Transporter Machine (Organ re-
covery Systems, Chicago). Machine perfusion was conducted
using 1 L of Kidney Perfusion Solution (KPS-1), a University
Wisconsin-derived solution specifically formulated for MP.
Graft monitoring during HMP was based on automatic data
checking and recording of temperature, flow, vascular resis-
tance, and infusion pressure every 10 s. At the beginning and
the end of HMP, samples of the perfusion fluid were collect-
ed to measure pH, p02, glucose, and lactate levels. Moreover,
needle biopsies of the grafts were taken immediately before
and after HMP and examined on serial hematoxylin and eo-
sin and periodic acid Schiff-stained sections, and assessed
by transmission electronic microscopy (TEM). Acute tubular
damage was evaluated in terms of cytoplasmic damage (vac-
uolar degeneration and endo-tubular loss of cytoplasmic de-
bris) and nuclear damage (partial or complete loss of hema-
toxylinophilia). Cytoplasmic damage was semi-quantitatively
scored as less than 30% (+), between 30 and 60% (++), and
greater than 60% (+++). Nuclear damage was scored as less
than 10% or equal to or greater than 10%. None of the grafts
showed nuclear damage greater than 15%. Ultrastructural
features were evaluated in terms of glomerular, tubular, and
vascular damage. At the time of KT, the recipients were asked
to sign an informed consent form for the surgical procedure,
which also included back-table graft biopsy.

Surgical procedure and postoperative management

The grafts were kept in HWP until the time of placement into
the abdomen with initiation of the warm ischemia time. The
details of KT surgical procedure, postoperative management,
and follow-up clinical surveillance have already been described
elsewhere [12]. A DGF was defined as need for dialysis in the
first postoperative week. AR was defined as a biopsy-proven
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Table 1. Donor, graft and recipient characteristics.

Male: Female 12: 9
 Agelyears) 60.0+134
ML kgmd 24 [23-30]
©ICU lengh of stay, (days) - 4 9]
© Amine admistration, (%) 13 (619%)
© Cause of cerebral death, %)
 —cerebral hemorthage 13 (620%)
~ —postanoxia 4 (190%)
 —tauma 4 (19.0%)
CED® 10 (47.6%)
. Graftweight@ 3145¢140.7
ot (mn 17661x1312
scs,(min) 728942205
CHMP, (min)  10648+1895
Cwim i) 4485104

Male: Female 10: 11
Age(yeary 56.7+147
CoBMIGkgmd 2612332
KT waiting list time, (years) 181¢103
© Years of dialysis before listing, %)
”””” lo0years 18 (857%)
”””” >10years 3 (143%)
~ cardiopathy %) 12 (57.1%)
. Diabetes %) 2 (5%
© Arterial vascular disease (%) 8 | (381%)

- no compatibility 0
-~ -tles 1 (48%)
- -2 7 (333%)
- -slod 5 (238%
- -4locd 3 (143%)
- -sloc 1 (48%)
- -elod 1 (48%)
- -7ld 3 (143%)
~ -slod o

AR — acute rejection; BMI — body mass index; CIT — cold ischemia
time; ECD — extended criteria donors; HMP — hypothermic
machine perfusion; ICU — Intensive Care Unit; KT — kidney
transplantation; SCS — static cold storage; WIT — warm ischemia
time.
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T cell-mediated rejection within the first 3 months after KT.
Standard treatment for AR comprised pulse intravenous steroid
therapy followed by a slow oral steroid taper and adjuvant an-
tibody-depleting therapy for severe or steroid-resistant cases.

Statistical analysis

Categorical variables and frequencies were expressed by
percentage, while continuous variables were expressed by
meanzstandard deviation or median [IQR], as appropriate.
For categorical variables, cross-tabulations were generated,
and the chi-square or Fisher exact test was used to compare
distributions. For continuous variables, we used the t test or
Mann-Whitney test. Pearson or Spearman correlation coeffi-
cients were used to explore any correlation between graft pa-
rameters and SCS, HMP, and CIT times. The variation rate of
hemodynamic and metabolic parameters was calculated us-
ing the following formula:

-value

(value )x100/value,

HMP end HMP start: HMP start*

Univariate logistic regression was used to verify whether CIT,
SCS, or HMP were significant predictive factors for DGF or AR.

Results

HMP reconditioning effect

The effects of HMP on hemodynamic, metabolic, and histolog-
ical features rafts are summarized in Table 2. HMP was asso-
ciated with a significant improvement of graft hemodynamic
parameters, by decreasing arterial resistances and increasing
the flow. Moreover, the grafts retained some metabolic activ-
ity during HMP, as indicated by a statistically significant de-
crease in pH, p02, and glucose levels, and increase of lactates,
in the perfusion liquid, in the pre- vs. post-HMP comparison.

The pathology examination of graft biopsies before and after
HMP showed a substantial stabilization of acute tubular in-
jury in terms of nuclear and cytoplasmic damage (Figure 1).
From the ultrastructural point of view, post-perfusion sam-
ples mainly showed mild endothelial alterations of glomeruli,
characterized by swelling of endoluminal capillary walls and/or
segmental tubular basolateral labyrinth dilatation (Figure 2).

Table 3 shows the correlations among hemodynamic and met-
abolic parameters and the different ischemic times. SCS time
showed a statistically significant correlation with the initial ar-
terial flow (r —0.488, p 0.024) and vascular resistance (r 0.544,
p 0.010). A longer SCS was associated with higher vascular
resistance and lower arterial flow, as well as with higher pH
and greater pO2 decrease during HMP. HMP duration was not
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Table 2. Reconditioning effect of HMP on graft’s hemodynamic, metabolic and cytological features.

HMP start HMP end p-Value
Arterial resistance, (mmHg) 0.33 [0.24-0.62] 0.21 [0.18-0.29] <0.01
© Mean arterial flow, (ml/min) 701£377 1160496 001
R 7255008 703004 001
po2, (mmHg) 1548:458 sLies1 001
 Lactate levels, (mMol/l) 095 [03-1] 33 2643 001
© Glucose levels, (mgra) 17824122 1511¢128 001
© Nuclear damage >10%, %) 3 (a3%) 3 (43%) 099
© Cytoplasmic damage, 9)
e 0 @ew 12 (572%
—————————————————————————————————————————————————————————————————————————————————————————————————————————————————— 031
- (+4) 8 (38.1%) 7 (33.3%)

‘

NC# o
e

T,

Figure 1. Findings on hematoxylin and eosin stained sections under light microscopy. (A) Pre-HMP biopsy: nuclear damage +,
cytoplasmic damage +. (B) Post-HMP biopsy: nuclear damage +, cytoplasmic damage ++.

significantly correlated with the improvement of hemodynam-
ic parameters, either investigated as HMP end-values or vari-
ation rates; these appeared to be independent even from CIT.
In terms of metabolic function, the only effect noted was on
the lactate levels, in which a longer HMP time was associated
with greater variations in lactate levels.

KT outcome

Within the first year after KT, no cases of primary-non-func-
tion, graft loss, or patient death were noted. Four recipients
(19.0%) developed DGF and 2 (9.5%) developed an episode
of biopsy-proven T cell-mediated early rejection. CIT, SCS, and
HMP time did not appear to be significant risk factors for these
post-KT complications (Table 4).

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

In all the cases, DGF progressively resolved, with normal renal
function recovery within 1 month following transplantation. Three
patients received a graft procured from an ECD, with a Remuzzi
score of 4, 4, and 1, respectively. The number of dialysis treatment
sessions per patients was 9, 5, and 3, and the renal function nor-
malized at 20, 11, and 6 postoperative days (POD), respectively.
The dosage of B2-microglobulin (normal value <0.19 mg/l) at
the day of first dialysis was 26.6, 18.4, and 23.2 mg/|, respec-
tively, and was associated with increased vascular resistance of
the grafts at CEUS. Subsequently, a normalization trend of lab-
oratory and CEUS parameters was observed in all cases. At 1
month after the last dialysis, the B2-microglobulin values were
<0.19, 0.65, and <0.19 mg/|, respectively, while graft perfusion
and vascular resistance were within normal ranges in all cases.
The recipient with a non-ECD graft required 3 dialysis treatments,
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Figure 2. Ultrastructural observation at TEM. Glomerular capillary loops pre-perfusion (A) and post-perfusion (B) with endothelial
swelling (white arrow). Proximal tubular epithelium pre-perfusion (C) and post-perfusion (D) with basolateral labyrinth

dilatation (black arrow).

the starting B2-microglobulin level was 24.5 mg/|, and the vascu-
lar resistance of the graft measured by contrast-enhanced ultra-
sound (CEUS) was 0.80. The graft function normalized at POD 8,
and at 1 month after the last dialysis, the B2-microglobulin val-
ue was 0.21 mg/l, with normal vascular resistance. The 2 cases
of T cell-mediated early rejection were successfully treated with
corticosteroids (methylprednisone 250 mg/day for 3 days). None
of the patients developed any vascular or urologic complication
requiring re-operation. The trend of 24-h diuresis, creatinine se-
rum level, and creatinine clearance are presented in Figures 3-5.

Discussion

The graft injury induced by SCS is a complex phenomenon in
which hypoxia triggers a metabolic failure with oxidative stress
and inflammatory reaction, that become further magnified dur-
ing the reperfusion phase [10,13]. Such damage is evident not
only in the tubular cells, but also in the endothelial cells of the
microvascular system [13]. As a matter of fact, in the present in-
vestigation as in previous ones, a significant correlation between

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

SCS time and arterial resistance and flow at the beginning of
perfusion was found. Conversely, HMP has been shown to pro-
mote normalization of renal hemodynamic parameters [14,15].
Moreover, the vascular resistance trend during HVIP has been
advocated as a reliable predictor of kidney graft function and
risk of DGF/primary non-function [14. 16], with a higher pre-
dictive value than graft biopsies scores [16]. The reported ad-
vantages rely on a real-time, objective, noninvasive evaluation
of the whole organ, which might be productively used in the
clinical decision-making process [16,17]. In the present analy-
sis, a significant improvement of arterial resistance and flow
during perfusion was observed, although the magnitude of this
improvement was not directly correlated with HMP duration.
Some experimental studies [18,19] have found that HMP with
a duration of 1-4 h can significantly reduce vascular resistance
and improve creatinine clearance, compared with SCS alone,
and that despite reaching the mean perfusate flow after 2 h of
perfusion, vascular resistance values might continue to further
improve for up to 6 h [15]. However, another study showed that
4-h HWMP after a prolonged period of SCS (14 h) did not have
any added advantage over SCS alone but, on the contrary, was
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Table 3. Reconditioning effect of HMP on graft’s hemodynamic and metabolic parameters.

Correlation coefficient

Arterial resistance, HMP start

Arterial resistance, HMP end -0.26 (p 0.25) 0.17 (p 0.46)
© Arterial resistance variation rate 035 (po.11) 024 (p028) 021 (po36)
© Aterial flow, HMPstart  -049 (002
© Arterial flow, HMPend 016 (p048) 033 (o014
 Aterial flow variation rate 007 (p075) 009 (os7) 017 (po4s)
pH.HMPend o1 @por3) 005 (p091)
 pHvariationrate 077 (002 067 (007  -004 (p093)
© po2HMPend =35 (o) 009 (p082)
 po2variationrate 071 (004 024 (po57) 059 (po11)
 Glucose levels, HMPend 003 (098 040 (032
 Glucose levels variation rate 061 (p010)  -006 (po8®) 046 (p025)
lactate levels, /MPend 020 (p063)  -031 (pods)
lactate levels variation rate 063 (p0.09) 076 (003 024 (pose)

HMP — hypothermic machine perfusion; SCS — static cold storage.

Table 4. Impact of the different phases of cold ischemia on the risk of DGF and graft rejection.

Graft rejection

Total CIT 999 992-1.006 0.878 1.001 .993-1.009 0.677
SCS time 995 987-1.002 0.199 1.001 .995-1.006 0.737
HMP time 1.005 .997-1.013 0.161 999 .993-1.006 0.961

DGF — delayed graft function; OR — odds ratio; CIT — cold ischemia time; SCS — static cold storage; HMP — hypothermic machine
perfusion.

associated with higher vascular resistance at reperfusion [20].
Overall, very limited data are available, and the heterogeneity
of such results shows the necessity to further explore the un-
derlying mechanism regulating graft hemodynamic function. In
the present study, the delayed HMP successfully reconditioned
the graft vascular resistance and flow, independently of the se-
verity of the pre-existing dysfunction caused by the preliminary
SCS period. This effect was maintained even after a prolonged
HMP time (mean time: 18 h) and, by the end of HMP, the he-
modynamic parameters of the grafts appeared to be indepen-
dent of CIT. Nonetheless, it was previously reported that an SCS
time of over 6 h sustains a negative effect on grafts, despite
the combination with a delayed HMP [9], which may even be
associated with the development of additional loss of cellular

This work is licensed under Creative Common Attribution-
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integrity and significant changes in cell morphology [20,21].
Conversely, in a report by Eurotransplant [14], on a series of
336 DBD grafts, the SCS was over 6 h in all cases and the ac-
cumulated tubular damage induced by the preliminary SCS ac-
tually appeared not to be significantly modified by HMP, but
rather was stabilized. Even in terms of graft metabolism, SCS
time rather than HMP time showed the greatest impact in the
present study. A longer SCS time was associated with greater
pH decrease and oxygen consumption during perfusion, as if
the perfused graft tried to recover from the metabolic failure
accumulated during the SC. Such a result, although just spec-
ulative, is a new finding and may further support the potential
advantage of oxygenating the perfusate during MP. Of course,
by the end of the HMP time, the chemical characteristics of the

Indexed in:  [Science Citation Index Expanded] [Index Medicus/MEDLINE]
[Chemical Abstracts] [Scopus]



Adani G.L et al.:
Effects of delayed hypothermic machine perfusion on kidney grafts...
© Ann Transplant, 2020; 25: €918997

2

26

B |

£ 4

£ . | T

g !
0

POD1 POD2 POD3 POD7 POD10 POD15 POD30 POD90

Figure 3. Post-KT trend of creatinine serum levels;
POD - postoperative day.
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Figure 4. Post-KT trend of creatinine clearance;
POD - postoperative day.

perfusate were significantly changed, but this could be expect-
ed considering that the shortest HMP time of our series was
9 h. Actually, only the lactate level increase showed a signifi-
cant correlation with the HMP duration. However, other stud-
ies which investigated primary continuous HMP rather than
delayed HMP in experimental models, showed a significant de-
crease in ischemia-reperfusion injury with less accumulation
of toxic metabolites, improved electrolytes homoeostasis, and
reduced oxidative damage, inflammation, and apoptosis [18].

Clinically, a recent meta-analysis [2] demonstrated that HMP
compared with SCS significantly reduced the overall incidence
of DGF, regardless of DBD or DCD type, or a total CIT over 24 h.
Nevertheless, no significant advantage was found in ECD com-
pared with standard-criteria donors. It may be speculated that
since HMP stabilizes the ischemic damage rather promoting its
recovery, the intrinsic higher dysfunction grade of ECD may be
a greater determinant of the outcome compared to the HMP
reconditioning effect. In the meta-analysis, no impact was re-
corded on the DGF duration or on the incidence of PNF or acute

ORIGINAL PAPER
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Figure 5. Post-KT trend of 24-h diuresis; POD — postoperative
day.

HMP was verified, as the KT outcome was not negatively af-
fected by the prolonged cold ischemia times (SCS, HMP, and
CIT). Moreover, the prevalence of post-KT complications were
within the ranges reported in the literature [22]. Such results
may indirectly provide some new insight into the feasibility of
lengthening CIT, if conditioned to the use of HMP, without any
additional morbidity. However, it must be noted that none of
the grafts in the study reached a CIT longer than 36 h, which
is usually identified as the critical time limit [9].

Several limitations of the present study must be mentioned:
a limited number of cases; a qualitative rather than quantita-
tive analysis of the ultrastructural features at TEM; a CIT main-
tained within the upper limit of 36 h; and a follow-up time
limited to 1 year after KT.

Conclusions

Kidney graft management based on a preliminary SCS period
and a subsequent extended HMP, reaching an overall CIT longer
than 24 h, does not appear to negatively affect the immediate-
and short-term KT outcomes. The ischemic injury associated
with the preliminary SCS is clearly evident at hemodynamic,
metabolic, histological, and ultrastructural levels, and the re-
conditioning effect of HMP mainly results in an improvement
of hemodynamic parameters, while the accumulated paren-
chymal damage tends to stabilize. Moreover, the graft retains
some metabolic activity during the perfusion, producing an aci-
dotic environment. Therefore, further studies with oxygenat-
ed perfusion machines and with perfusate formulas that can
sustain and correct this metabolism are warranted to explore
the possibility of further enhancing the graft reconditioning.

Conflicts of interest
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