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Background: Clinical and laboratory criteria are not reliable predictors of deceased donor

liver graft quality. Intraoperative assessment of experienced surgeons is the gold standard.

Standardizing and quantifying this assessment is especially needed now that regional

sharing is the rule. We prospectively evaluated a novel, simple, rapid, noninvasive,

quantitative measure of liver function performed before graft procurement.

Materials and methods: Using a portable, finger-probeebased device, indocyanine green

plasma disappearance rates (ICG-PDR) were measured in adult brain-dead donors in the

local donor service area before organ procurement. Results were compared with graft

function and outcomes. Both donor and recipient teams were blinded to ICG-PDR

measurements.

Results: Measurements were performed on 53 consecutive donors. Eleven liver grafts were

declined by all centers because of quality; the other 42 grafts were transplanted. Logistic

regression analysis showed ICG-PDR to be the only donor variable to be significantly

associated with 7-d graft survival. Donor risk index, donor age, and transaminase levels at

peak or procurement were not significantly associated with 7-d graft survival.

Conclusions: We report the successful use of a portable quantitative means of measuring

liver function and its association with graft survival. These data warrant further explora-

tion in a variety of settings to evaluate acceptable values for donated liver grafts.

ª 2015 Elsevier Inc. All rights reserved.
1. Introduction livers, and “extended criteria donors.” Each opportunity for
Liver transplantation is the standard treatment for end-stage

liver disease. Although the number of transplant candidates

continues to grow, organ availability has plateaued resulting

in increasing waitlist mortality [1]. The donor pool has been

modestly expanded through increasingly aggressive organ

utilization: the use of living donors, deceased donor split
plant Center, Division of
eles, CA 90095. Tel.: 310-
.edu (A. Zarrinpar).
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transplantation of every organ of all donors is thoroughly

evaluated by each and every organ procurement organiza-

tion (OPO) and transplant center. Used judiciously, these

grafts provide an opportunity to address the shortage but not

without costs. The use of extended criteria grafts predispose

recipients to poor initial graft function and increased long-

term risk [2]; the use of living and deceased donor split
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livers is associated with increased biliary and arterial com-

plications [3e5].

Optimizing the use of these grafts while minimizing

recipient risk requires accurate and reproducible assess-

ment of graft quality. Quantitative descriptions of organ

quality have yielded specific and accurate relative risks of

graft failure for kidney donors [6]. This information has

facilitated discussions among donor organizations, trans-

plant surgeons, and even recipients. Similar methodology

for liver grafts, namely the donor risk index (DRI), has been

less accepted and infrequently used [7]. Standard clinical

and laboratory criteria are not reliable predictors. Routine

biopsy of donor livers is plagued by risk of injury to the graft,

lack of uniformity and availability of microscopic interpre-

tation, and increased cost and delay. Therefore, the gold

standard remains physical assessment by transplant sur-

geons [8]. This, however, leads to inefficient use of resources,

by having surgeons evaluate either too many livers only

some of which are suitable for transplantation or too few

livers, thus forgoing useable grafts. Furthermore, as regional

sharing is becoming standard, centers will face increasing

difficulties in having their own procurement teams assess all

offered grafts. This means relying on surgeons from other

centers to make graft suitability determinations, a prospect

that makes many ill at ease.
Table 1 e Recorded variables.

Donor

Age

Gender

Race/ethnicity

Blood type

Weight

Height

Body mass index

Cause of death

Intracranial bleed, blunt trauma, penetrating trauma, and anoxia

Presence of liver trauma

Length of hospitalization

Liver trauma

Vasopressors

Medical history

Diabetes, hypertension, hepatitis B, hepatitis C, other

Hemoglobin A1c

Substance abuse history

Alcohol, cocaine, methamphetamines, cannabis, other

Cardiac arrest

Respiratory arrest

Total downtime

CPR duration

MAP range

MAP at procurement

Laboratory values (at presentation, peak, and procurement)

Na, Cr, bilirubin, AST, ALT, INR, pH, PCO2, pO2, HCO3

Imaging studies

Other

DRI

ICG-PDR

Cr¼ creatinine; CPR ¼ Cardiopulmunary Resuscitation; INR¼ Internationa

End-Stage Liver Disease score.
Factors that have previously been shown to affect graft

utilization and function include advanced donor age, hy-

pernatremia, prolonged warm ischemia time, vasopressor

requirement, and donation after cardiac death [9]. What is

needed is a low cost, portable, rapid, noninvasive, standard-

ized, quantitative measure of liver function performed before

graft procurement. This study evaluates just such a technique

that takes advantage of indocyanine green clearance by

hepatocytes.

Indocyanine green clearance is a well-established quan-

titative test of liver function, used primarily before planning

a liver resection [10e12]. A few previous studies have

examined the role of indocyanine green clearance in the

setting of liver transplantation. Wesslau et al. [13] assessed

indocyanine green plasma disappearance rates (ICG-PDR) in

donors and its associationwith graft utilization and function.

Koneru et al. similarly tested ICG-PDR to predict graft func-

tion after transplant [14]. Both groups were handicapped by

the fact that to measure ICG-PDR, they either had to use an

invasive device or draw serial plasma samples and measure

the level of ICG at each time point, a time- and resource-

intensive process. We now have the distinct advantage of

having access to a simple portable device that can easily

perform a noninvasive rapid measurement of ICG clearance

with minimal set up and training.
Recipient

Age

Gender

Race/ethnicity

Blood type

Weight

Height

Body mass index

Physiological MELD

List MELD

Status 1

Ventilator status

Dialysis

Vasopressors

Liver disease etiology

Simultaneous liver/kidney recipient

Laboratory values (at time of offer)

INR, Cr, bilirubin, platelets, albumin, and prealbumin

Redo liver transplant status

Operative

Procuring surgeon training level (fellow, attending)

Cold ischemia time

Warm ischemia time

Transfusions

Intraoperative temperature

Base excess

Venovenous bypass

Intraoperative hemodialysis

Hepatectomy duration

Total case duration

l Normalized Ratio; MAP ¼Mean Arterial Pressure; MELD¼Model for
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2. Materials and methods

2.1. Patient population and design

Consecutive adult brain-dead donors in a large urban dona-

tion service area whose livers were offered to recipients at our

center were enrolled in the study with signed informed con-

sent, provided donor research consent was also available. We

excluded split liver and donation after cardiac death grafts to

minimize variability not strictly due to liver function. All

available donor data were collected before procurement.

These data included age, gender, race and/or ethnicity, cause

of death, length of hospitalization, height, weight, number of

vasopressors, history of diabetes, hypertension, substance

abuse, hepatitis B and C serology, downtime, vital signs, and

laboratory values at presentation, peak, and procurement

(Table 1). At the donor hospital, immediately before organ

procurement, ICG-PDR was measured using the noninvasive

liver function monitoring system, LiMON (PULSION Medical

Systems, Munich, Germany). LiMON measures ICG clearance

by noninvasive pulse-densitometry. Injected ICG is detected

from fractional pulsatile changes in optical absorption. This

allows for continuous and repeated measurements of ICG-

PDR. Two liver transplant perfusionists trained in using the

device carried the device and ICG with them to the site of

organ procurement. An ICG finger clip placed on the donor

was connected to a liver function monitor. A dose of 0.25 mg/

kg ICG was given through a central or peripheral vein as a
Table 2 e Donor characteristics.

Characteristic Value

Age (y)

Median 47.5

Interquartile range 26e57

Gender, n (%)

Male 39 (73.6)

Female 14 (26.4)

Race/ethnicity, n (%)

Hispanic/Latino 24 (45.3)

White 19 (35.8)

Black 5 (9.4)

Other 5 (9.4)

BMI (kg/m2)

Median 26.8

Interquartile range 24.2e30.6

Cause of death, n (%)

Intracranial bleed 29 (54.7)

Blunt trauma 11 (20.8)

Penetrating trauma 7 (13.2)

Anoxia 6 (11.3)

Pressors at procurement, n (%)

0 2 (3.8)

1 15 (28.3)

>1 36 (67.9)

Medical/social history, n (%)

Hypertension 17 (32.1)

Alcohol abuse 8 (15.7)

Diabetes 5 (9.4)

Hepatitis C 2 (3.8)

BMI ¼ body mass index.
bolus and immediately flushed with 10 mL of normal saline

[15]. ICG-PDR measurements were automatically performed

by the monitor. Both donor and recipient surgeons were

blinded to ICG-PDR measurements.

The transplant team made an independent decision of

whether to transplant the graft. After transplantation, the

function of the allograft was evaluated using standard labo-

ratory criteria of the recipient. For patients transplanted at the

primary center, values of international normalized ratio (INR),

serum bilirubin, lactate dehydrogenase, aspartate amino-

transferase (AST), and alanine aminotransferase (ALT) were

recorded up to postoperative day 30; patient and graft survival

were also recorded for 1 y. For patients transplanted at backup

centers, only 7- and 30-d graft survivals were available. This

study was reviewed and approved by the University of Cali-

fornia, Los Angeles, Institutional Review Board and the local

OPO OneLegacy Research Review Board.

2.2. Statistical analysis

Descriptive statistics were used to describe study samples. The

chi-square test was used to assess association between cate-

gorical variable. Box plot, scatter plot, and histogram were

displayed to graphically show the distribution of ICG-PDR.

Univariate logistic regression analysis was used to examine

the association between covariates and the outcome variable

(status of graft). This was further used to generate an receiver

operating characteristic (ROC) curve. The covariates that had a

P value <0.2 in the univariate analysis were included in the

multivariate logistic regression analysis, and forward selection

and backward eliminationmethodwas used in finding the best
Table 3 e Recipient characteristics.

Characteristic Value

Age (y)

Median 56

Interquartile range 46e63

Gender, n (%)

Male 38 (74.5)

Female 13 (25.5)

Race/ethnicity, n (%)

White 21 (41.2)

Hispanic/Latino 19 (37.3)

Black 4 (7.8)

Other 7 (13.7)

Physiological MELD

Median 30

Interquartile range 10.5e38.5

Preoperative hemodialysis, n (%) 18 (35.3)

Preoperative ventilator, n (%) 10 (19.6)

Redo liver transplant, n (%) 6 (11.8)

Simultaneous liver/kidney transplant, n (%) 5 (9.8)

Pressors, n (%)

0 44 (86.3)

1 5 (9.8)

>1 2 (3.9)

BMI (kg/m2)

Median 27.7

Interquartile range 23.7e30.5

BMI ¼ body mass index; MELD ¼ Model for End-Stage Liver Disease

score.
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Fig. 1 e Sample PULSION-LiMON ICG trace of an accepted (A) and a rejected (B) graft. (Color version of figure is available

online.)
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parsimonious final model. We examined the relationship be-

tween the donor variables and 7- and 30-d graft survival or

postoperative markers of early graft dysfunction [16], specif-

ically bilirubin �10 mg/dL or INR � 1.6 on post-operative day 7,

or ALT or AST� 2000within the first 7 d. A P value of<0.05 was

considered statistically significant. Subjects for whom the ICG-

PDR values were unobtainable were excluded from the statis-

tical analysis. All statistical analyses were conducted using

JMP, version 9 (SAS Institute Inc, Cary, NC).
3. Results

3.1. ICG clearance

ICG-PDR measurements were performed on 53 consecutive

donors for 51 potential recipients. The recorded donor and

recipient variables are listed in Table 1. Some demographic
Fig. 2 e (A) Histogram of ICG-PDR values in donors. (B) Scatter p

shows a correlation of ICG-PDR with donor age. (Color version o
data of donors and recipients are listed in Tables 2 and 3.

Measurement of ICG-PDR took an average of 14 min to

perform (range, 9e24 min) from the time the patient was

placed on the operating table to the time the ICG-PDR value

was obtained (Fig. 1). Values were not obtained (i.e., the device

did not give a reading) for three cases, two in organs that were

transplanted and one in an organ that was not transplanted.

This was likely due to severe vasoconstriction from vaso-

pressors in one donor, false nails in another donor, and for

undetermined reasons in the remaining donor. The ICG-PDR

values in the study population, 22.5 � 6.8% per min, match

well with what is reported in the literature for normal in-

dividuals [17] (Fig. 2A). Linear fit of the variables shows that

ICG-PDR decreaseswith the age of the donor (Fig. 2B). No other

donor variables, including medical history, mechanism of

death, and laboratory values at admission, peak, or procure-

ment, were significantly associated with ICG-PDR. For

example, there was no association with gender, height,
lot of ICG-PDR versus donor age. Linear fit of the variables

f figure is available online.)

http://dx.doi.org/10.1016/j.jss.2015.03.093
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Fig. 3 e Flowsheet describing the utilization for all

evaluated grafts. (Color version of figure is available

online.)
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weight, body mass index, ALT, AST, bilirubin, INR, number of

vasopressors, or blood gas chemistry. Furthermore, there was

no association with either total or macrovesicular steatosis on

biopsy.
3.2. Graft survival

The 51 recipients in this study constituted a representative

subset of our general recipient patient population. Their

characteristics are listed in Table 3. Of the 53 donors we

examined for them, 14 liver grafts were declined by our

center owing to quality and one was declined for size. Of

those turned down for quality, six were deemed fibrotic (four

by biopsy and two by palpation), four were felt to be too stiff

on palpation after cold perfusion (one with 30% steatosis by

biopsy), two were too steatotic (50% and 70% macrosteatosis),

and two had poor quality arteries. Because all the donors

were within our Donor Service Area, cold ischemia time

likely did not figure significantly into the decision to use the

graft. Of these organs, four were used by a backup center (one

that was turned down for size and three that were turned

down for quality; Fig. 3). Grafts that were not transplanted

due to quality were counted as nonsurviving grafts. Thus, the

primary surgeon’s assessment of the graft at the time of

procurement was highly correlated with 7-d survival

(P < 0.001). Nevertheless, ICG-PDR was the only donor factor

associated with 7-d survival of a liver graft (Table 4). The

mean ICG-PDR for grafts surviving 7 d was 24.2% per min and

for nonsurviving grafts was 18.7% per min. Using logistic

regression, we calculated an ROC curve. Setting the cutoff

value of ICG-PDR at 19.3% per min as a predictor of 7-d graft

survival maximized specificity and sensitivity with an area

under the curve (AUC) of 0.747 (Fig. 4). Donor Risk Index,

donor age, and transaminase levels at peak or procurement

were not significantly associated with 7-d graft survival

(Table 4), neither were any recorded recipient factors nor the

training level of the procuring surgeon. On multivariate

analysis, only ICG-PDR stayed significant with an odds ratio

of 1.08 (1.04e1.12; P < 0.0001).
3.3. Comparison of ICG-PDR values with graft outcomes

There were four grafts with ICG-PDR values above 19.3% per

min that did not survive 7 d (Table 5). Two of these grafts (ICG-

PDR values of 28.3 and 24.9% per min) were deemed good

grafts by the procuring surgeon and were used by the primary

center. One graft failure was in a patient who underwent a

redo liver transplant operation requiring massive trans-

fusions; he died of cardiac failure on postoperative day 2. The

second graft failure was in a patient who died of cardiac arrest

shortly after reperfusion. These deaths were likely not graft

quality related. The remaining two grafts were discarded

because the procuring surgeon deemed them too stiff and

fibrotic on cold perfusion on inspection in the donor operating

room. One had fibrosis on frozen section analysis at the pro-

curement hospital. Likely because of those assessments, the

grafts were declined by all backup centers. It is unknowable

whether these graftswould have survived had they been used.

There were six organs that did survive beyond 7 d despite

having an ICG-PDR value <19.3% per min (Table 5). Four of

these grafts were used in recipients with physiological Model

for End-Stage Liver Disease (MELD) scores of �16, one was

used in a status 1a patient, and one (declined by the procuring

surgeon) was used in a patient not at the primary center with

undisclosed MELD and disease etiology. Of the 14 organs

turned down for quality by the procuring surgeon, three were

used by a backup center. All those grafts survived >30 d. Two

of the grafts had ICG-PDR >19.3% per min.
4. Discussion

Liver allograft quality varies widely. The ultimate goal of being

able to reliably predict risk of graft failure has not yet been

achieved. The liver DRI has met with very limited use because

of concerns that it does not accurately predict post-transplant

survival, excludes relevant donor factors, and that it is too

complicated for ease of use [18]. Currently, physician expertise

and experience is the dominant determinant of liver graft

utilization, something that does not allow for standardization

and critical evaluation of how to improve the system. This

also limits liver graft portability and sharing among Donor

Service Areas and regions. Furthermore, the lack of a reliable

means of assessing liver function placesmuch pressure on the

OPO to expend a great deal of energy evaluating possibly un-

usable liver grafts or not evaluating perfectly good grafts.

Although transplant surgeons depend greatly on the gross

appearance of liver grafts and routine liver function tests ob-

tained during the donor’s hospitalization, many studies have

shown that these factors are often unreliable and irrepro-

ducible [8,19]. Furthermore, a large amount of money and re-

sources are involved merely to arrange for the operative

evaluation of liver grafts.

Our study, too, shows that the donor liver function tests

and history do not correlate with ICG clearance, graft utiliza-

tion, graft survival, and post-transplant graft function.

Although several assays tomeasure the synthetic or clearance

capabilities of the liver have been reported in the literature,

including lidocaine metabolite clearance [20], all these assays

http://dx.doi.org/10.1016/j.jss.2015.03.093
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Table 4 e Univariate predictors of 7-d graft survival.

Median (interquartile range)

Donor variable Nonsurvival (n ¼ 13) Survival (n ¼ 40) P value

ICG-PDR (%/min) 17.1 (13.2e24.2) 23.9 (19.8e28.5) 0.006

AST at peak (U/L) 109 (48.5e322) 59.5 (41.8e134.5) 0.06

Length of hospitalization (d) 5 (4e15.5) 4.5 (4e6.8) 0.07

ALT at peak (U/L) 100 (36e203) 43.5 (30e104) 0.11

pH at procurement 7.39 (7.35e7.44) 7.42 (7.36e7.46) 0.19

Vasopressors (n) 2 (1.5e2) 2 (1e2) 0.21

ALT at procurement (U/L) 53 (29.5e104.5) 34 (21e56.8) 0.22

AST at procurement (U/L) 49 (3.25e150) 28 (22e47) 0.26

Age (y) 49 (34.5e57) 47 (24e57) 0.47

DRI 1.584 (1.210e1.867) 1.422 (1.208e1.822) 0.85
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experience being either difficult or time intensive to perform.

Previous studies to measure ICG-PDR in liver grafts have been

performed, although none have been performed to predict

graft survival [13,14]. All these studies have been limited

technically by the inability to perform this assay quickly in the

donor hospital. Increasingly, frozen section histologic exam-

ination of grafts before implantation is being used, looking for

microscopic features of steatosis, fibrosis, necrosis, and

inflammation [21].

A simple reproducible quantitation of the risk of liver graft

failure would immensely help OPOs triage possible donors

and aid transplant physicians in deciding whether to use an

organ and also in discussing with their patients the suitability

of offered organs. Here, we report the successful use of a

portable quantitativemeans of assessing liver function and its

association with graft survival. This test can be performed

easily and routinely, at the bedside by nurses and perfusion-

ists from the procurement team and also by OPO personnel

before organ offers are made.

Although it is possible that this study was not adequately

powered strictly to address this question, our findings further

validate the widely held notion that no single commonly used

donor history, laboratory value, or index (DRI, age, liver

function tests, and so forth) correlates with graft survival or

utilization. There are likely multiple interrelated donor fac-

tors, not to mention recipient factors, that make predicting
Fig. 4 e (A) Box plot of ICG-PDR versus 7-d graft survival. Quarti

utilization based on ICG-PDR. AUC [ 0.747. AUC [ area under

version of figure is available online.)
graft utilization and donorerecipient matching difficult. A

quantitative measure of graft function validated by a larger

study with a wider variety of donors and recipients is neces-

sary to better address that question and would facilitate

grafterecipient matching.

The fact that the procuring surgeon was superior to ICG-

PDR measurement in predicting graft survival is at least

partially due to the inherent bias of the study, as they are the

established gold standard and that in this blinded study, the

ICG-PDR measurement did not affect whether a graft was

discarded or used. It is also likely that surgeon assessment is

quite good at minimizing poor outcomes. However, we cannot

standardize surgeon assessments and we cannot even obtain

such an assessment without taking the donor to the operating

room and doing the procurement operation. It is unknown

whether we can increase utilization by providing a quantita-

tive means of measuring liver function. It is possible that a

validated preprocurement assessment of donor liver graft

function would alter the number or improve the selection of

potential liver donors, leading to greater efficiency. It is also

possible that ICG-PDR cutoff values may be derived to match

graft quality to recipient severity of illness.

These data warrant further exploration in a larger trial in a

variety of settings to evaluate acceptable values for donated

livers. At a time of increasing regional sharing and calls for

national organ sharing, this method would assist in the
les are designated. (B) ROC curve for predicting graft

the curve; ROC [ receiver operating characteristic. (Color

http://dx.doi.org/10.1016/j.jss.2015.03.093
http://dx.doi.org/10.1016/j.jss.2015.03.093


Table 5 e Donor and recipient characteristics of select grafts.

Donor Recipient

Age and
gender

ICG-PDR
(%/min)

Cause of
death

BMI
(kg/m2)

LOH
(d)

Pressors
(n)

ALT
peak (U/L)

Age and
gender

Redo
OLT

Physiological
MELD

Notes

Grafts with ICG-PDR <19.3%/min with >7-d survival

20F 18.3 Blunt

trauma

24.5 2 1 227 52M No 13 HCC exception points

48M 16.3 ICH 21.5 4 2 49 Information unavailable.

Transplant performed at backup center.

65M 16.2 ICH 24.7 6 2 47 52M No 16 HCC exception points

60M 15.6 ICH 27.3 5 2 73 65M No 8 HCC exception points

61M 14.8 ICH 26.6 3 1 28 62F No 9 HCC exception points

51F 10.3 ICH 30.8 4 1 24 26M No Status 1A Acetaminophen

overdose

Grafts with ICG-PDR >19.3%/min with <7-d survival

26M 28.3 ICH 25.5 4 2 34 61M Yes 42 Massive transfusion

redo OLT. Recipient

death from cardiac

failure. CIT 6 h.

25F 27.7 ICH 30 17 2 126 Liver was pale and stiff at procurement.

Graft declined by all centers. No biopsy performed.

43M 24.9 Anoxia 27.6 14 1 531 60M No 42 Intraoperative

cardiac arrest.

CIT 10 h.

65M 22.2 ICH 25.4 7 2 209 Liver had fibrosis on frozen section at procurement.

Graft declined by all centers.

BMI ¼ body mass index; CIT ¼ cold ischemia time; HCC ¼ hepatocellular carcinoma; ICH ¼ intracranial hemorrhage; LOH ¼ length of hospi-

talization; OLT ¼ orthotopic liver transplantation.
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standardization of graft evaluation. It could also lead to

increasing liver graft utilization while decreasing travel risk

and expense.
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