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TITLE:  FDG-PET/CT  Imaging  in  Acute  and  Chronic  Kidney  Disease  
Robert  Hayden,  Matthew  Robertson,  Sushrut  Waikar  
Purpose:  We  evaluated  the  possibility  of  using  FDG-PET/CT  imaging  of  the  kidneys  for  patients  
with  chronic  kidney  disease.    
Methods:  This  was  a  retrospective  study  in  which  FDG-PET/CT  imaging  results  were  reviewed  from  
a  cohort  of  patients  with  chronic  kidney  disease  and  a  cohort  of  patients  with  acute  kidney  injury  
along  with  matched  controls.  
Results:  FDG-PET/CT  can  differentiate  healthy  kidneys  from  those  with  end-stage  renal  disease  but  
not  from  those  with  stage  3b  or  4  chronic  kidney  disease.  In  patients  with  acute  kidney  injury,  there  
was  substantial  variability  in  renal  cortical  FDG  signal  compared  to  that  of  the  matched  controls.  
Conclusions:  Our  results  demonstrate  that  patients  with  chronic  kidney  disease  maintain  renal  
cortical  FDG  avidity  until  the  the  progression  of  end-stage  renal  disease.  Further  ongoing  study  is  
needed  to  determine  whether  distinct  causes  of  AKI  may  be  differentiated  through  FDG-PET/CT  or  
other  imaging.          
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Glossary  of  Abbreviations  
-  

AIN:  acute  interstitial  nephritis  

-  

AKI:  acute  kidney  injury  

-  

ATN:  acute  tubular  necrosis    

-  

CKD:  chronic  kidney  disease  

-  

CT:  computed  tomography  

-  

EMPI:  enterprise  master  patient  index  (a  form  of  medical  record  number)  

-  

ESRD:  end  stage  renal  disease  

-  

eGFR:  estimated  glomerular  filtration  rate  

-  

FDG:  Fluorodeoxyglucose  (radioactive  fluorine-18  labeled  fluorodeoxyglucose  radiotracer,  in  
which  fluorine-18  substitutes  for  the  hydroxyl  group  in  the  second  carbon  of  the  glucose  
molecule)  

-  

FDG-PET/CT:  combined  positron  emission  tomography  and  computed  tomography  imaging  using  
the  radioactive  fluorine-18  labeled  fluorodeoxyglucose  radiotracer  

-  

GFR:  glomerular  filtration  rate  

-  

MDRD:  Modified  Diet  in  Renal  Disease  

-  

PACS:  Picture  Archiving  and  Communication  System  (work  station  for  image  analysis)  

-  

SUVmax:  maximum  standardized  uptake  value  of  FDG  from  within  a  region  of  interest  
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Student  Role:  
In  the  spring  of  2018,  Dr.  Waikar  took  me  on  for  a  scholarly  project  studying  acute  kidney  injury.  
We  began  planning  a  retrospective  study  of  FDG-PET/CT  imaging  in  patients  with  kidney  disease  in  May.  
In  June,  we  established  a  collaboration  with  Dr.  Robertson  in  the  Nuclear  Medicine  Department  at  Brigham  
and  Women’s  Hospital  and  finalized  the  research  methods.  Throughout  June  and  into  the  beginning  of  July,  
I  learned  how  to  use  Microsoft  Access  to  identify  cases  for  the  AKI  and  CKD  study  cohorts  and  performed  
chart  reviews.  Under  the  guidance  of  Dr.  Robertson,  I  personally  collected  all  quantitative  FDG-PET/CT  
imaging   data   throughout   July   and   August.   Throughout   the   summer,   Dr.   Waikar   and   I   met   regularly   to  
discuss  the  results.  In  September,  I  traveled  with  Dr.  Waikar  to  Washington,  D.C.  and  presented  a  poster  
of   my   preliminary   results   at   a   national   meeting.   In   response   to   the   feedback   I   received   at   that   meeting  
suggesting  the  need  to  include  more  patients  with  AKI,  I  expanded  the  study  to  include  MGH.  In  November  
and   December,   2018,   I   doubled   the   AKI   cohort   with   cases   from   MGH.   In   January,   2019,   I   established  
collaboration   with   an   MGH   nuclear   medicine   physician   to   obtain   this   additional   data,   which   I   personally  
collected  throughout  February  and  March.  In  order  to  obtain  this  additional  data,  I  had  to  apply  for  a  one-
month  extension  on  the  submission  of  this  report.  In  March,  I  wrote  this  report,  which  will  serve  as  an  initial  
draft  for  publication.  Dr.  Waikar  has  approved  this  report,  and  in  the  month  of  May,  he  will  provide  detailed  
edits  regarding  my  writing  prior  to  submission  for  publication.  
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BACKGROUND:
While originally developed for oncology to identify metabolically active tumors, scans
combining positron emission tomography and computed tomography (PET/CT) using the
radioactive fluorine-18 labeled fluorodeoxyglucose (FDG) radiotracer now serve as a reliable
imaging modality in other medical specialties such as cardiovascular medicine, reporting on both
metabolic and inflammatory changes in various tissues with excellent spatial resolution. Within
nephrology, few radiologic tests are used in clinical practice to assess kidney function, and none
address the metabolic state of the kidneys. While its use in nephrology has not yet been established,
FDG-PET/CT may have the potential to address these gaps in clinical care, and unlike iodinatedor gadolinium-based contrast agents, FDG is not known to be nephrotoxic or cause any serious
complications in patients with impaired renal function.
Although there have been numerous studies examining the extent to which FDG uptake in
various tissues may be affected by impaired renal function, the focus has generally not been on
renal function, per se, or on the metabolism of the renal cortex. For example, a recent retrospective
study using FDG-PET/CT compared maximum standardized uptake values (SUVmax), which
quantify the maximum FDG signal within a given region of interest for various tissues including
the kidney, between 20 patients with “suspected renal failure” and 20 patients with normal kidney
function;1 however, “suspected renal failure” was loosely defined as a serum creatinine of greater
than 1.1 mg/dL within two weeks of the scan, which does not clinically define either chronic
kidney disease (CKD) or acute kidney injury (AKI). Another recent prospective study developed
a dynamic method of estimating glomerular filtration and renal plasma flow using FDG-PET/CT,2
but this technique would likely be of limited clinical benefit except in the case of estimating single
kidney glomerular filtration rate (GFR). While FDG-PET/CT has been shown to report on

6

pharmacologically-induced metabolic changes of the renal cortex, this work has so far been limited
to animal models.3 In humans, there is some evidence to support the notion that FDG-PET/CT can
detect inflammatory disease processes affecting the kidneys such as retroperitoneal fibrosis,
infected renal cysts, and acute interstitial nephritis, but this has been largely limited to case series
and small cohort studies.4 Within the kidney transplant patient population, FDG-PET/CT imaging
results from renal allograft recipients have been shown to accurately predict acute rejection.5 In
another study, FDG-PET/CT results showed no difference in renal allograft SUVmax between
transplant recipients with early (stages 1-2) chronic kidney disease and those with later (stages 34) chronic kidney disease.6
To our knowledge, there has not yet been a comprehensive analysis of FDG-PET/CT
imaging in the native kidneys of patients with renal pathology from across the spectrum of chronic
kidney disease and acute kidney injury. The goal of our retrospective cohort study was to address
this gap in the literature by evaluating the potential role of FDG-PET/CT in identifying functional,
metabolic, and inflammatory changes that occur in various disease states of the kidney. We
hypothesized that FDG-PET/CT would reveal differences in the renal cortex of patients with acute
and chronic kidney disease compared to that of patients with healthy kidneys.

METHODS:
Study Design
Under a Partners Healthcare institutional review board titled Laboratory Predictors and
Outcomes in Hospitalized Patients, we retrospectively studied patients with serum creatinine
values and FDG-PET/CT scans at Brigham and Women’s Hospital, Massachusetts General
Hospital, and Dana Farber Cancer Institute. We studied two cohorts of patients with FDG-PET/CT
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scans: a CKD study cohort of patients with chronic kidney disease and an AKI study cohort of
patients with acute kidney injury.
Study Cohorts
We analyzed data from between 2008 and 2018 of all inpatients and outpatients with an
electronic medical record from Brigham and Women’s Hospital and Massachusetts General
Hospital, which are both academic tertiary care medical centers in Boston, MA with 793 and 902
beds, respectively, and from Dana Farber Cancer Institute, an outpatient academic cancer center
affiliated with Brigham and Women’s Hospital. For the CKD study cohort, we identified cases of
patients with diagnoses of CKD stage 3b, CKD stage 4, and end stage renal disease (ESRD) along
with a prior FDG-PET/CT scan. For the AKI study cohort, we identified patients with a prior
episode of AKI and a simultaneous FDG-PET/CT scan within the period of that AKI (though not
necessarily at the peak serum creatinine). For all cases within the CKD study cohort, we identified
age, sex, and weight matched control patients (age within 5 years and weights matched within at
least 15% of the case’s body weight) who had a prior FDG-PET/CT scan but no history of chronic
kidney disease. For cases of patients in the AKI study cohort with any additional FDG-PET/CT
scan(s) performed in the absence of a simultaneous AKI, we used the data from that additional
FDG-PET/CT scan as a matched self-control. For all other cases of patients within the AKI study
cohort who did not have an additional FDG-PET-CT scan, we identified age, sex, and weight
matched control patients (age within 5 years and weights matched within at least 15% of the case’s
body weight) who had a prior FDG-PET/CT scan in the absence of any renal dysfunction. Patients
with any primary or metastatic renal cancers were excluded from this study. All patients who had
undergone a previous nephrectomy or had received a kidney transplant were also excluded from
this study.
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Definitions and Etiologies of CKD and AKI
CKD was defined as impaired renal function estimated for a period of at least three months.
We defined CKD staging based solely on eGFR (estimated glomerular filtration rate) as calculated
by the MDRD (Modification of Diet in Renal Disease) Study equation, where CKD stage 3b
represents an eGFR from 30 to 44 mL/min/1.73m2, CKD stage 4 represents an eGFR from 15 to
29 mL/min/1.73m2, and ESRD (End Stage Renal Disease), otherwise known as CKD stage 5,
represents a GFR of < 15 mL/min/1.73m2 or dependence on renal replacement therapy. In the CKD
cohort, cases were classified as having CKD stage 3b, CKD stage 4, or ESRD based on an
extensive chart review of physician notes and the trend of all eGFR data over time in relation to
each FDG-PET/CT scan (graphs for each case are available in supplemental information). Based
on the chart review, we also identified the etiology of each case of CKD (if known and specified
in the notes) as well as the timing and duration of any renal replacement therapy.
Based on the Kidney Disease Improving Global Outcomes (KDIGO) classification,7 AKI
was defined as an increase in serum creatinine of at least 0.3 mg/dL for at least 48 hours or as an
increase in serum creatinine by at least 1.5 times the baseline serum creatinine within the preceding
week. In the AKI cohort, cases required a diagnosis of AKI by this KDIGO definition along with
a simultaneous FDG-PET/CT scan within the period of the AKI (though not necessarily at the peak
serum creatinine). The diagnosis of AKI was based on chart review of physician notes and
confirmed by the trend of all serum creatinine data over time in relation to each FDG-PET/CT
scan (graphs for each case are available in supplemental information). Based on the chart review,
we identified the precise etiology of each AKI (if known and specified from the notes) and
classified each case of AKI into standard clinical subgroups as follows: we defined pre-renal AKI
as any precipitant of azotemia caused by a reduction in renal blood flow (including medications
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specifically known to induce renal hypoperfusion) in the absence of any known parenchymal
damage to the kidney, we defined intrinsic-renal AKI as any etiology in which there was damage
to the parenchyma of the kidney, and we defined post-renal AKI as any cause in which the
precipitant was any anatomical obstruction of the urinary tract. In addition, we documented the
timing and duration of any renal replacement therapy for each case during the episode of the AKI.
Data Collection for the CKD and AKI Study Cohorts
Through the Research Patient Data Registry of Partners Healthcare, we obtained the
following initial data: for all patients with a Brigham and Women’s Hospital medical record
between 2008 and 2018, we obtained age, sex, weight, serum creatinine values with corresponding
dates, the dates of any FDG-PET/CT scans, and the Partners Healthcare EMPI (enterprise master
patient index) number; for all patients with a Massachusetts General Hospital medical record
between 2017 and 2018, we obtained age, sex, eGFR values and corresponding dates, the dates of
any FDG-PET/CT scans, and the Partners Healthcare EMPI number.
In order to identify candidates for the CKD cohort, we screened the initial dataset from the
Brigham and Women’s Hospital records between 2015 and 2018 for all patients with both a prior
FDG-PET/CT scan and a serum creatinine value of of greater than or equal to 2.0, and we
subsequently performed chart reviews of each of the online medical records to compile the CKD
study cohort based on the aforementioned inclusion and exclusion criteria and definition of CKD
diagnosis and staging. All age, sex, and weight matched controls for the cases of the CKD cohort
were similarly identified from the Brigham and Women’s Hospital records between 2015 and 2018
and then confirmed by chart review of each online medical records to exclude candidates for
control patients with chronic kidney disease along with all other exclusion criteria applicable to
the CKD cohort. For the entire CKD cohort, we also reviewed the online medical records to
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retrieve the indication for each FDG-PET/CT scan, the trend of all eGFR data over time in relation
to each FDG-PET/CT scan (graphs for each case are available in supplemental information), the
etiology of CKD in each case based on physician notes and biopsy results, and the timing and
duration of any renal replacement therapy.
In order to identify candidates for the AKI cohort, we screened the initial dataset from the
Brigham and Women’s Hospital records between 2008 and 2018 for all patients with at least one
prior FDG-PET/CT scan and a serum creatinine that was both greater than or equal to 1.7 and
time-stamped within one week of FDG-PET/CT scan date, and we also screened the initial
Massachusetts General Hospital records between 2017 and 2018 for all patients with at least one
prior FDG-PET/CT scan and an eGFR value of less than 45. We subsequently performed chart
reviews of each of these online medical records to compile the AKI study cohort based on the
aforementioned inclusion and exclusion criteria and definition of AKI diagnosis and staging. For
AKI cases in which an additional FDG-PET/CT scan in the absence of any renal dysfunction was
not available, age, sex, and weight matched controls were identified from the Brigham and
Women’s Hospital records between 2015 and 2018 and then confirmed by chart review to exclude
any renal dysfunction along with all other exclusion criteria applicable to the AKI cohort. For the
entire AKI cohort, we also reviewed the online medical records to retrieve the indication for each
FDG-PET/CT scan, the trend of all serum creatinine data over time in relation to each FDGPET/CT scan (graphs for each case are available in supplemental information), the etiology of AKI
in each case based on physician notes and biopsy results, and the timing and duration of any renal
replacement therapy.
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FDG-PET/CT Scanning and Image Analysis
All FDG-PET/CT scans were previously acquired from either Brigham and Women’s
Hospital, Massachusetts General Hospital, or Dana Farber Cancer Institute in accordance with
each institutions standard protocol. With training from a board-certified nuclear medicine
physician, we manually reviewed all FDG-PET/CT scans using the Hermes Gold PACS (Picture
Archiving and Communication System) workstations at Brigham and Women’s Hospital and the
PACS workstations at Massachusetts General Hospital. Quantitative data reporting on FDG
avidity was collected in the form of the automatically calculated SUVmax (maximum standardized
uptake value) within a two-dimensional region of interest for each tissue studied. Within each
kidney, the FDG avidity of the renal cortex was recorded in three axial slices. Within each of these
three axial slices, the SUVmax of three representative eight-millimeter circular regions of interest
were measured, such that each kidney had a total of nine renal cortical SUVmax values. In
addition, we recorded SUVmax values for the aorta (at the level of the renal arteries), the liver,
and the lumbar paraspinal muscles.
Statistical Methods
All statistics were calculated using the IBM software SPSS. Intraclass correlation
coefficients for agreement and consistency (two way mixed, single measures) were calculated to
assess the reliability of the FDG-PET/CT scan image analysis method for each tissue. Descriptives
from the average the renal cortical SUVmax values were calculated for each control group and
subgroup for both the CKD cohort and the AKI cohort (available in supplementary information).
Independent T-tests (two-sided) for the equality of means between the cases of each subgroup of
CKD or AKI and their respective controls were also calculated. Statistical significance was set at
p < 0.05.
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RESULTS:
CKD Study Cohort
The CKD study cohort included a total of 35 cases, of which 34.3% were CKD stage 3b,
42.9% were CKD stage 4, and 22.8% were ESRD, along with 35 matched controls (Table 1). The
average weight of the cases decreased by approximately 10 kg with each progressive stage of
CKD, from 92.6 kg in stage 3b to 79.4 kg in stage 4 and 71.5 kg in ESRD. The average age was
similar across cases of CKD in the mid-sixties. As depicted in Table 1, the most common indication
for FDG-PET/CT scanning for the entire CKD cohort was a hematologic neoplasm, which by subgroup was the indication in 25% of cases with stage 3b, 40% of cases with stage 4, 20% of cases
with ESRD, and 17.1% of the matched controls. Across all CKD stages, the etiology of kidney
disease was not specified in the patient chart in between 20-40% of cases. Compared to diabetes
and hypertension, the etiology of CKD in the stage 3b and stage 4 subgroups was skewed towards
chronic obstruction and drug toxicity, respectively. CKD cohort patient cohort characteristics are
shown in Table 1, and additional patient information, including eGFR trends, can be found in the
supplemental information.
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TABLE 1. CKD COHORT STUDY PATIENT CHARACTERISTICS
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AKI Study Cohort
The AKI study cohort included a total of 30 cases, of which 26.7% were classified as prerenal (of note, while there were eight pre-renal patients, there were nine associated FDG-PET/CT
scans since one of these patients had two episodes of AKI, each with a simultaneous FDG-PET/CT
scan), 43.3% were classified as intrinsic-renal, and 30.0% were classified as post-renal, along with
30 matched controls (Table 2). The average weight was similar between cases of the pre- and
intrinsic-renal subtypes, at approximately 80 kg, and greater than the average weight of the postrenal group of 68.6 kg. The average age was similar across cases of AKI between the high-50s and
high-sixties. As depicted in Table 2, the most common indication for FDG-PET/CT scanning for
the entire AKI cohort was a hematologic neoplasm, which by AKI subtype was the indication in
50% of pre-renal cases, 38.4% of intrinsic-renal cases, 22.2% of post-renal cases, and 36.7% of
the self- or matched-controls. While the most common etiology of pre-renal AKI was
hypovolemia, nearly half of the pre-renal cases were related to drug-induced renal hypoperfusion
(induced by either NSAIDS or tacrolimus). Within the intrinsic-renal group, acute tubular necrosis
was the cause of AKI in 53% of cases. AKI cohort patient cohort characteristics are shown in Table
2, and additional patient information, including creatinine trends, can be found in the supplemental
information.

15

TABLE 2. AKI COHORT STUDY PATIENT CHARACTERISTICS
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Reliability of Image Analysis
In order to interrogate the reliability of our FDG-PET/CT image analysis method and to
control for the possibility of verification bias, SUVmax quantification in the renal cortex, aorta,
liver, and paraspinal muscle was blindly repeated from a representative sampling of cases and
controls from the AKI and CKD study cohorts. As depicted in Figure 1, the method of quantifying
FDG-avidity in the renal cortex was reliable in terms of both agreement and consistency, with
intraclass correlation coefficients of 0.90 for both. While the quantification of FDG-avidity in the
liver was similarly reliable, the intraclass correlation coefficients for agreement and consistency
were all less than 0.7 for measurement of the blood pool (aorta) and of the lumbar paraspinal
muscles (Table 3.)

TABLE 3. RELIABILITY OF FDG-PET/CT IMAGE ANALYSIS IN ALL TISSUES
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FIGURE 1. RELIABILITY OF FDG-PET/CT IMAGE ANALYSIS IN THE RENAL CORTEX
Each point represents the average of 18 measurements of SUVmax in the renal cortex from one of twenty FDGPET/CT scans, which plotted along the x-axis reflects the initial measurements and plotted along the y-axis reflects
the blinded repeat measurements. Error bars reflect the standard deviation of all 18 SUVmax values from each scan,
which along the x-axis correspond to the initial measurements and along the y-axis correspond to the blinded repeat
measurements. Ten of the FDG-PET/CT scans subjected to this reliability analysis are cases and controls from the
CKD cohort study and the other ten are cases and controls from the AKI cohort study. ICC = Intraclass Correlation
Coefficient for agreement and consistency (two way mixed, single measures).
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Renal Cortical FDG-avidity in the CKD Cohort
Within the CKD cohort, the average renal cortical SUVmax of the 35 control scans was
2.27 with a standard error of 0.04. While there was no statistically significant difference between
the renal cortical SUVmax averages of either the CKD stage 3b cases and the controls or the CKD
stage 4 cases and the controls, the average renal cortical SUVmax values from the eight ESRD
cases (from a total of 17 FDG-PET scans, since one patient had five scans in the context of ESRD
and another patient had two scans in the context of ESRD) was significantly lower than that of the
controls, at 1.52 compared to 2.27, respectively, with a p-value of < 0.01 (Figure 2). Within the
ESRD subgroup, whereas all nine FDG-PET/CT scans performed over 12 months after the
initiation of dialysis yielded average renal cortical SUVmax values that were less than two
standard deviations of the average renal cortical SUVmax values from the controls (< 1.81), two
of four FDG-PET/CT scans performed either within the first 12 months of hemodialysis or prior
to the initiation of hemodialysis were within one standard deviation (> 2.04) of the average renal
cortical SUVmax values from the controls (please see supplementary information for all
descriptive statistics for the CKD cohort).
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FIGURE 2. FDG AVIDITY IN THE RENAL CORTEX IN CHRONIC KIDNEY DISEASE
A key at the top indicates whether each point reflects an FDG-PET/CT scan from a control (blue circle), CKD-3b case
(yellow square), CKD-4 case (black triangle), or ESRD case (red diamond) and shows the average renal cortical
SUVmax ± the standard error for each subgroup along with the p-values for the difference in means between each
subgroup of cases and the controls. Each point represents the average of 18 total renal cortical SUVmax values, nine
from each kidney, in one FDG-PET/CT scan. Error bars reflect the standard deviation of all 18 SUVmax values from
each scan. The average renal cortical SUVmax values from the CKD-3b and CKD-4 cases are plotted on the x-axis
according to the the eGFR closest to the time of each FDG-PET/CT scan. For the controls, the average renal cortical
SUVmax values are not plotted according to the eGFR closest to the time of each PET scan, since all controls had an
eGFR of >60 mL/min/1.73m2. For the ESRD group, the average renal cortical SUVmax values are plotted on the xaxis either according to the number of months that had passed since the initiation of hemodialysis at the time of the
FDG-PET/CT scan or according to the eGFR closest to the time of each FDG-PET/CT scan if hemodialysis had not
been initiated at that time. Three patients within the ESRD subgroup had multiple FDG-PET/CT scans over time, the
average renal cortical SUVmax values from which are represented by lines connecting all points from each of the
three patients. The renal cortical SUVmax averages from all 13 scans occurring in the context of ESRD were included
in the ESRD subgroups overall average and statistical analysis, but the FDG-PET scan labeled with an asterisk (*) in
the context of stage 3b CKD in one of the patients who went on to develop ESRD has not been included in the overall
average and statistical analysis of either the CKD-3b subgroup or the ESRD subgroup.
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Renal Cortical FDG-avidity in the AKI Cohort
Within the AKI cohort, the average renal cortical SUVmax of the 30 control scans was
2.25 with a standard error of 0.02. As shown in Figure 3, there was no statistically significant
difference between the renal cortical SUVmax averages of any of the three AKI subgroups (prerenal, intrinsic-renal, and post-renal) and the controls. Compared to the variance in average renal
cortical SUVmax values for the controls (0.02), the variance in average renal cortical SUVmax
values for each subgroup of AKI cases was markedly increased, up to 0.17 in the pre-renal
subgroup, 0.33 in the intrinsic-renal subgroup, and 0.06 in the post-renal subgroup (see
supplementary information for all descriptive statistics for the AKI cohort). Among the eight out
of nine cases of pre-renal AKI in which the precise etiology was known, the four highest average
renal cortical SUVmax values were all in the context of hypovolemia-induced AKI, whereas the
four lowest average renal cortical SUVmax values were in the context of medication-induced prerenal azotemia, related either to tacrolimus or NSAIDS. Within the intrinsic-renal subgroup, the
three lowest average renal cortical SUVmax values were in patients on renal replacement therapy
at the time of the FDG-PET/CT scan. There is an outlier within the intrinsic-renal subgroup, which
was not excluded from subgroup averaging and statistical analyses, labeled case A, which is further
described in Figure 4.
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FIGURE 3. FDG AVIDITY IN THE RENAL CORTEX IN ACUTE KIDNEY INJURY
A key at the top indicates whether each point reflects an FDG-PET/CT scan from a control (blue circle), pre-renal
case (red square), intrinsic-renal case (black diamond), or post-renal case (yellow triangle) along with specific
etiologies of AKI in each subgroup if known. For the controls and each subgroup, the average renal cortical SUVmax
± the standard error is also represented at the top along with the p-values for the difference in means between each
subgroup of cases and the controls. Each point represents the average of 18 total renal cortical SUVmax values, nine
from each kidney, in one FDG-PET/CT scan. Error bars reflect the standard deviation of all 18 SUVmax values from
each scan. The average renal cortical SUVmax values from each FDG-PET/CT scan in the context of AKI from each
subgroup is plotted along the x-axis according to the serum creatinine at the time of the scan divided by the baseline
serum creatinine (all serum creatinine trends and the timing of all FDG-PET/CT scans are shown in the supplementary
information). For the controls, the average renal cortical SUVmax values are not plotted according to serum creatinine,
as none of those corresponding scans were in the context of an acute kidney injury. Within the pre-renal subgroup,
one patient (labeled case E) had two distinct episodes of acute kidney injury, each with a simultaneous FDG-PET/CT
scan.
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DISCUSSION
The primary aim of our study was to characterize the FDG-PET/CT imaging findings of
the native kidneys in patients across the spectrum of CKD and AKI. Aside from the renal transplant
recipient population,5,6 this had previously been a gap in the literature. Our method for determining
the FDG avidity in the renal cortex, which addresses cortical heterogeneity between image slices
by incorporating nine representative eight-millimeter regions of interest from each kidney, has
proven to be reliable, with an intraclass correlation coefficient of 0.90 for both consistency and
agreement (Figure 1). In contrast, our methods for measuring SUVmax values in the blood pool
and muscle were not of sufficient reliability to warrant further analysis (Table 3). This was most
likely because only one region of interest was measured in these tissues for each scan. While our
method for measuring average SUVmax in the liver was reliable, the presence of liver metastases
was not an exclusion criterion, which also precluded any further analysis of this data.
Within the CKD cohort study, we observed a significant decrease in renal cortical FDG
avidity in ESRD but not in CKD stage 4 or CKD stage 3b compared to the controls. This finding
from patients with native kidneys is generally in agreement with the results of a recent study of
FDG-PET/CT imaging of renal allografts in kidney transplant recipients, which showed no
differences in kidney SUVmax values from CKD stage 1 through stage 4.6 The results of our CKD
cohort study have several other implications. The apparent maintenance of physiologic FDG
avidity in the renal cortex throughout CKD stages 3b and 4 prior to an abrupt decline upon
progression to ESRD suggests that FDG handling is not linearly dependent on glomerular
filtration. This pattern is consistent with the emergence of several other metabolic complications
of chronic kidney disease. For example, while a majority of patients with CKD stage 3b have
developed hyperparathyroidism and anemia, other electrolyte derangements such as acidosis,
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hyperkalemia, and hyperphosphatemia do not emerge in the majority of patients until the initiation
of dialysis becomes indicated upon progression to the end stage.8 Although FDG-PET/CT can
differentiate kidneys with end-stage renal disease from healthy kidneys, this by itself would be of
limited clinical utility for patients who are already dependent on renal replacement therapy. While
the CKD cohort study results suggest that FDG-PET/CT cannot differentiate healthy kidneys from
those with stage 3b or 4 chronic kidney disease, our study was not necessarily powered to detect
whether FDG-PET/CT may predict the likelihood or rate of progression to ESRD. Notably, of all
the average renal cortical SUVmax values among CKD stage 3b cases shown in Figure 2, the
lowest comes from a patient who definitively progressed to ESRD. Further studies are needed to
investigate the potential prognostic value of FDG-PET/CT in patients with CKD.
Within the AKI cohort study, we found no statistically significant difference in renal
cortical FDG avidity between any of the subgroups and the controls; however, the substantial
diversity of specific etiologies within the pre-renal and intrinsic-renal subgroups, coupled with the
marked variance in average renal cortical SUVmax values in these subgroups compared to the
controls, makes the risk of a type II error high. Indeed, within the intrinsic-renal subgroup shown
in Figure 3, the outlier with the distinctly higher average renal cortical SUVmax labeled Case A
may be the exception that proves a rule. Case A refers to a 54-year-old man who was admitted to
Massachusetts General Hospital with acute kidney injury and a presumptive diagnosis of HLH
(hemophagocytic lymphohistiocytosis), a severe inflammatory condition caused by overactivation
of the immune system in which, among other organs, the kidney has been shown to be involved in
16% of cases according to a series of 56 patients.9 Physician notes in the chart of Case A, including
several from a consulting nephrologist, described the differential diagnosis for the patient’s acute
kidney injury as either acute tubular necrosis (ATN) or acute interstitial nephritis (AIN) associated
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with presumed HLH. In the midst of this AKI, the patient referred to as Case A had an FDGPET/CT scan, ordered to assess for a potential underlying malignancy that could have triggered
the presumed HLH flare. Figure 4 depicts the trend of all serum creatinine data available for Case
A over time in relation to the FDG-PET/CT scan obtained during the AKI along with two other
FDG-PET/CT scans obtained after the resolution of the AKI once the serum creatinine had
returned to the patient’s baseline of about 1.3 mg/dL. Importantly, the normalization of FDGavidity in these two follow up scans in the absence of any acute renal dysfunction supports the
notion that the markedly elevated FDG avidity from the initial FDG-PET/CT scan is truly related
to the underlying etiology of the AKI rather than some patient specific factor.
Assuming the AKI in Case A was indeed caused by leukocyte infiltration secondary to
HLH, there may be reason to expect such an increase in renal cortical FDG avidity. FDG-PET/CT
scans report not only on the metabolic state of various tissues but also on the presence of
inflammation, as inflammatory cells including leukocytes exhibit increased FGD avidity. It is
therefore plausible that cases of AKI caused by various etiologies AIN might demonstrate
increased renal cortical FDG avidity on FDG-PET/CT scans. In support of this theory, there are at
least two cases reported in the literature of patients with biopsy-proven AIN and a simultaneous
FDG-PET/CT scan,10 both of whom demonstrated the same pattern we observed in Case A: that
is, increased renal cortical FDG avidity during the episode of AIN followed by normalization of
FDG avidity on follow up FDG-PET/CT scans.
The diagnostic tools currently available to clinicians to help identify the specific etiology
of AKI are of limited accuracy.11 In particular, a kidney biopsy is generally required to definitively
distinguish AIN from ATN, and while diagnostic imaging with gallium scintigraphy has been
attempted in differentiating AIN from ATN, the sensitivity and specificity range from 58-69% and
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50-60%, respectively.12 Therefore, if the extent of FDG avidity in the renal cortex could accurately
distinguish acute ATN from AIN, FDG-PET/CT scans could help spare patients from invasive
diagnostic kidney biopsies. While our study was not adequately powered assess the diagnostic
accuracy of FDG-PET/CT in making this distinction, it is worth noting that, unlike Case A, none
seven cases of ATN demonstrated increased FDG avidity (Figure 3).
While the increased FDG avidity we observed in Case A warrants further studies to
evaluate the use of FDG-PET/CT in AIN, there are several important limitations to consider.
Although a diagnosis of AIN in Case A is probable, it was not biopsy proven. In addition, Case B
shown in Figure 3, which refers to a 68-year-old-man whose FDG-PET/CT scan obtained in the
context of an AKI demonstrated only a mild increase in SUVmax (2.50) compared to the average
from the controls (2.25), does not support the notion that increased FDG avidity in the renal cortex
necessarily reports on interstitial inflammation of the kidney. Although the diagnosis of AKI was
unclear in Case B, presumed to be either ATN or AIN secondary to a disseminated BCG (Bacillus
Calmette-Guérin) infection, an autopsy performed following the AKI revealed pus in the renal
cortex, which is suggestive of the interstitial leukocyte infiltration that would be seen in AIN.
Finally, if Case A had a true diagnosis of ATN, we cannot exclude the possibility of cortical
retention, where FDG tracer becomes trapped within the proximal tubules as a result of tubular
obstruction; however, it is worth noting that this degree increased FDG avidity seen in the renal
cortex of Case A was not observed in any of the seven cases of ATN (Figure 3).
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FIGURE 4. INCREASED RENAL CORTICAL FDG UPTAKE IN A PATIENT WITH AKI
Case A is also labeled in Figure 3 among all other cases from the AKI cohort study. Case A refers to a 54-year-old
man admitted with acute injury and a presumptive diagnosis of HLH (hemophagocytic lymphohistiocytosis). The
etiology of his AKI was thought to be either ATN or AIN secondary to the presumed flare of HLH, for which he was
treated with etoposide and steroids. The top panel shows the trend of all serum creatinine (y-axis on the left) over time
along with three FDG-PET/CT scans, the average renal cortical SUVmax values from which are represented by each
point (in accordance with the y-axis on the right), where error bars represent the standard deviation of all 18 renal
cortical SUVmax values from each scan. The bottom panel shows representative axial slices of the fused PET/CT
images from each of the three scans.

In addition to the increased FDG avidity observed in Case A, there are several other noteworthy patterns from the AKI cohort study. Within the pre-renal subgroup, our observation that
the average renal cortical SUVmax values were universally lower in cases of AKI induced by
medications known to reduce renal blood flow through microvascular constriction (tacrolimus,
NSAIDS) compared to cases of pre-renal azotemia precipitated by overall hypovolemia is
intriguing (Figure 3). While the sample size is small, additional evidence to support this trend
27

comes from a closer examination of Case E, which refers to a 69-year-old woman who had two
distinct episodes of AKI, each with a simultaneous FDG-PET/CT scan. As shown in Figure 5, the
FDG-PET/CT scan obtained in the context of tacrolimus-induced AKI revealed a marked
reduction in FDG-avidity (average SUVmax of 1.47) compared to the earlier scan obtained in the
context of hypovolemia-induced pre-renal azotemia (average SUVmax of 2.67) as well as to an
additional scan obtained later in the absence of any AKI (average SUVmax 2.38). Interpreting this
potential difference in the average renal cortical SUVmax between medication- and hypovolemiainduced etiologies of pre-renal AKI requires careful consideration of the complexity of FDG
handling in the renal cortex. While some of the FDG signal from the renal cortex on FDG-PET/CT
imaging likely reflects intracellular FDG that is partially reabsorbed by the proximal tubular
cells,13 there is also a substantial portion of FDG signal coming from the extensive intravascular
compartment of the renal cortex.3 Therefore, in the context of AKI, the direct induction of
vasoconstriction of the renal microvasculature by medications such as tacrolimus and NSAIDS
may exceed any compensatory vasoconstriction of the efferent arterioles that may be seen in
hypovolemia-induced AKI, thereby resulting in a relatively lower FDG signal coming from the
intravascular compartment of the renal cortex. Additional studies examining the relationship
between the FDG signal in the blood pool background and in the renal cortex are needed to further
interrogate this hypothesis.
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FIGURE 5. NOTABLE AKI COHORT CASES WITH MULTIPLE FDG-PET/CT SCANS
Cases C, D, and E are also labeled in Figure 3 among all other cases from the AKI cohort study. For each case, the
trend of all serum creatinine (y-axis on the left) over time along with multiple FDG-PET/CT scans for each patient,
the average renal cortical SUVmax values from which are represented by each point (in accordance with the y-axis
on the right), where error bars represent the standard deviation of all 18 renal cortical SUVmax values from each scan.
Case C (top) refers to a 65-year-old man admitted for pneumonia and AKI after receiving IVIG (intravenous
immunoglobulin) therapy for hypogammaglobulinemia. The etiology of his AKI was predominantly classified as prerenal azotemia in the medical chart, but the differential diagnosis included IVIg-induced nephropathy. The indication
for his FDG-PET/CT scans was chronic lymphocytic lymphoma. Case D (middle) refers to a 60-year-old man who
who was admitted with bleeding and shock from which he developed acute tubular necrosis requiring renal
replacement therapy, which had been initiated prior to his FDG-PET/CT scan on 4/14/17. The indication for his FDGPET/CT scans was lymphoma. Case E (bottom) refers to a 69-year-old woman with a history of a liver transplant, for
which she had been taking tacrolimus, with two distinct admissions with AKI: first, in April of 2018, she was admitted
with neutropenic colitis after a week of diarrhea from which she developed hypovolemia-induced pre-renal azotemia;
second, in May of 2018, she was admitted for with pelvic abscesses and found to have AKI thought to be related to
overdosing of her tacrolimus. The indication for her FDG-PET/CT scans was diffuse large B-cell lymphoma.
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Other trends within the AKI cohort study remain less clear. As depicted in Figure 5, Case
C, referring to a 65-year-old man whose equivocal diagnosis of AKI may have been related to
intravenous immunoglobulin (IVIg)-induced nephropathy rather than pre-renal azotemia,
exhibited a relatively low level of renal cortical FDG avidity in the context of AKI that
subsequently normalized upon resolution of the acute renal dysfunction. The mechanism by which
IVIg causes AKI is likely osmotic nephrosis inducing proximal tubular dysfunction,14 which could
theoretically reduce the nephron’s capacity for FDG reabsorption. Another trend shown in Figure
3 is that patients requiring renal replacement therapy tended to have lower levels of renal cortical
FDG avidity. While this reflects a limited sample of only three cases, a closer look at all FDGPET/CT scans for Case D provides additional evidence (Figure 5). Case D refers to a 60-year-old
man who presented with bleeding and developed shock-induced ATN requiring renal replacement
therapy, which was initiated prior to his FDG-PET/CT scan that demonstrated a relatively low
level of FDG avidity in the renal cortex (average SUVmax 1.50). The consistently higher levels of
renal cortical FDG avidity observed in all three of the FDG-PET/CT scans that preceded this
episode of ATN suggest that the lower FDG avidity seen in the context of his AKI is truly related
to the underlying ATN or renal replacement therapy rather than some patient specific factor.
Within the broader context of the AKI cohort study, any interpretation regarding those
cases which demonstrated lower levels of FDG avidity in the renal cortex while receiving renal
replacement therapy requires an understanding of the underlying mechanisms of AKI and the
corresponding theoretical implications for FDG signal. Whereas decreased renal blood flow
directly reduces GFR (glomerular filtration rate) in the context of pre-renal azotemia, in the case
of post-renal AKI, it is the reduction in renal filtration fraction caused by back-pressure from
obstruction in the urinary tract that decreases GFR. This distinction may be of relevance, for among
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these two different mechanisms affecting GFR, only reduced renal blood flow would be expected
to decrease the FDG signal coming specifically from the intravascular compartment of the renal
cortex. In the case of intrinsic renal AKI, in particular hypoperfusion-induced ATN, the
pathophysiology is more complex: GFR may decrease not only through a reduction in renal
filtration fraction caused by back-pressure from tubular obstruction but also by a reduction in renal
blood flow mediated by endothelial dysfunction in the microvasculature of the cortex and medulla.
Notably, during the so-called extension-phase of the more severe cases of hypoperfusion injury
leading to ATN, renal blood flow in the cortex may either remain low as a result of persistent
endothelial inflammation or paradoxically return to normal, even if medullary ischemia and
functional renal impairment persist or worsen.15 Considering this complexity, the variability in
average SUVmax values observed within the intrinsic-renal AKI subgroup is perhaps not
surprising: the expected variation in cortical blood flow that follows renal hypoperfusion injury
could manifest as fluctuations in FDG signal from the intravascular compartment, decreased FDG
reabsorption due to proximal tubule injury could reduce the signal from the intracellular
compartment, and obstruction of the tubules could lead to cortical retention with increased signal
from the tubular compartment. Ultimately, a prospective study combining the use of FDG-PET/CT
imaging with quantitative renal physiologic measurements would be necessary to further
understand the complexity of FDG handling in patients with AKI.
This study includes several important limitations. Within both the CKD and AKI cohort,
the causes of kidney disease are skewed towards etiologies related to the cancer patient population,
such as chronic obstruction from tumor mass effect or drug toxicity from chemotherapeutics. In
addition, the FDG-PET/CT images came from three institutions with multiple different scanners
across a span of nearly a decade, and there may be underlying differences in resolution or
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acquisition protocol; however, for this retrospective study, it was necessary to cast a wide net in
order to identify an adequate number of cases, especially for the AKI cohort, as the coincidence of
having an FDG-PET/CT scan in the midst of an AKI is somewhat uncommon. The poor reliability
of SUVmax measurements in the aorta and paraspinal muscles also restricted us from performing
additional analyses or normalization of the SUVmax values from the renal cortex to those from
other tissues.

CONCLUSION
In conclusion, FDG-PET/CT scans can differentiate healthy kidneys from those with endstate renal disease but not from those with stage 3b or 4 chronic kidney disease. Further study is
needed to assess whether FDG avidity in the renal cortex of the kidneys with stage 3b or 4 CKD
can predict the rate of decline in renal function. In patients with AKI, FDG-PET/CT signal in the
renal cortex was variable. Further ongoing study will seek to determine whether distinct causes of
AKI may be differentiated through FDG-PET/CT or other imaging techniques.
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