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The objective of this study was to compare the ratio of
renal oxygen availability (RO2) to glomerular filtration
rate (GFR), a measure of relative renal hypoxia, in ado-
lescentswith andwithout type 1diabetes (T1D) and relate
the ratio to albuminuria, renal plasma flow (RPF), fat
mass, and insulin sensitivity (M/I). RO2 was estimated by
blood oxygen level–dependent MRI; fat mass was esti-
mated by DXA; GFR and RPF were estimated by iohexol
and p-aminohippurate clearance; albuminuria was esti-
mated by urine albumin-to-creatinine ratio (UACR); and
M/I was estimated from steady-state glucose infusion
rate/insulin (mg/kg/min) by hyperglycemic clamp in
50 adolescents with T1D (age 16.1 6 3.0 years, HbA1c

8.6 6 1.2%) and 20 control patients of similar BMI (age
16.1 6 2.9 years, HbA1c 5.2 6 0.2%). The RO2:GFR (ms/
mL/min) was calculated as RO2 (T2*, ms) divided by GFR
(mL/min). Whole-kidney RO2:GFR was 25% lower in
adolescents with T1D versus control patients (P <

0.0001). In adolescents with T1D, lower whole-kidney
RO2:GFR was associated with higher UACR (r 5 20.31,
P 5 0.03), RPF (r 5 20.52, P 5 0.0009), and fat mass
(r 5 20.33, P 5 0.02). Lower medullary RO2:GFR was
associated with lower M/I (r 5 0.31, P 5 0.03). In conclu-
sion, adolescents with T1D exhibited relative renal

hypoxia that was associated with albuminuria and with
increased RPF, fat mass, and insulin resistance. These
data suggest a potential role of renal hypoxia in the
development of diabetic kidney disease.

Almost 30% of people with type 1 diabetes (T1D) will
develop diabetic kidney disease (DKD) (1). Current treat-
ments, such as control of hyperglycemia and hyperten-
sion, are beneficial but only partially protect against DKD.
Finding new, safe, and effective therapies to halt early
DKD progression in patients with T1D has proven to be
challenging as demonstrated by the outcomes from the
recent Adolescent Type 1 Diabetes Cardio-Renal Interven-
tion Trial (AdDIT) of ACE inhibitors and the adult Pre-
venting Early Renal Loss in Diabetes (PERL) trials of uric
acid lowering (2,3). A potential explanation for the failure
of these trial is the narrow focus on the easily detectible
clinical manifestations of disease, such as hyperglycemia
and hypertension, rather than identifying and targeting
the deeper metabolic derangements driving DKD.

T1D is a complex metabolic disorder with pathophys-
iological disturbances beyond b-cell injury, now recognized
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to include insulin resistance (IR), which is causally related
to the development of DKD (4). The kidneys are highly
metabolically active and are second only to the heart with
respect to oxygen consumption per tissue mass. The high
oxygen demand is necessary to maintain adequate ATP
production for the Na1/K1-ATPase (5). The principal
determinants of renal ATP consumption are tubular so-
dium reabsorption and glomerular filtration rate (GFR).
Emerging animal data suggest that the kidneys are unable
to sufficiently compensate for the increased rate of ATP
consumption in diabetes due to the effects of IR and
mitochondrial dysfunction on substrate utilization (6,7).
IR worsens during puberty, a time when the kidneys
almost double in size, making adolescents particularly
susceptible to hypoxia (8). Therefore, revealing the poten-
tial role of relative renal hypoxia, reflected by a mismatch
between renal oxygen availability (RO2) and renal energy
expenditure in the kidneys of adolescents with T1D (Fig.
1), is critical to our understanding of the early mechanisms
of diabetic kidney injury. Moreover, this information may
inform the development of new therapeutics that could be
administered while changes may still be reversible. Blood
oxygen level–dependent (BOLD) MRI provides reliable and
noninvasive quantification of RO2 (9,10); however, to our
knowledge, this has not been applied in young people with
T1D. The objective of this study was to compare the ratio of
RO2 by BOLD MRI to iohexol-assessed GFR, a key de-
terminant of renal energy expenditure, in adolescents with
and without T1D and to correlate the RO2:GFR ratio with
albuminuria, p-aminohippurate (PAH)-assessed renal plasma
flow (RPF), fat mass, insulin sensitivity (M/I), and mito-
chondrial function. We hypothesized that adolescents with
T1D have a lower RO2:GFR compared with healthy control
patients and that a low RO2:GFR, which is a manifestation
of relative renal hypoxia, is associated with elevated albu-
minuria, RPF, fat mass, and IR.

RESEARCH DESIGN AND METHODS

Study Design and Participants
Fifty adolescents with T1D (12–21 years of age, diabetes du-
ration 1–10 years, and HbA1c ,11%) from the Copeptin in
Adolescent Participants with Type 1 Diabetes and Early Re-
nal Hemodynamic Function (CASPER) study (NCT03618420)
and 20 healthy adolescent control patients (12–21 years of
age) from the Renal Hemodynamics, Energetics and In-
sulin Resistance in Youth Onset Type 2 Diabetes Study
(Renal-HEIR) (NCT03584217) were included in this anal-
ysis. Participants with T1D were recruited from the pedi-
atric clinics at the Barbara Davis Center for Diabetes at
the Anschutz Medical Campus, Aurora, Colorado. T1D was
defined by the American Diabetes Association criteria plus
the presence of GAD, islet cell, zinc transporter 8, and/or
insulin autoantibodies and the need for exogenous insulin.
Exclusion criteria are detailed in Supplementary Table 1.
All participants were examined at our clinical research
center, where tests were performed in the morning after
a 12-h fast, preceded by 3 days of restricted physical

activity and a fixed-macronutrient, sodium, and protein
replete, weight-maintenance diet. Participants remained
fasted until after all study procedures were completed.
The CASPER and Renal-HEIR cohorts have intentionally
harmonized study protocols (see below) and were both
approved by the Colorado Multiple Institutional Review
Board. Participants or parents provided written informed
assent and/or consent as appropriate for age.

GFR and RPF by Iohexol and PAH Clearance
Techniques, Urine Albumin-to-Creatinine
Ratio, and Blood Pressure
An intravenous (IV) line was placed, and participants were
asked to empty their bladders. Spot plasma and urine
samples were collected prior to iohexol and PAH infusion.
Iohexol was administered through bolus IV injection (5
mL of 300 mg/mL; Omnipaque 300, GE Healthcare). An
equilibration period of 120 min was used and blood

Figure 1—RO2:GFR and relative renal hypoxia. The top panel
illustrates the relationship between RO2 and GFR. A high GFR
(workload) requires a high kidney oxygen availability to sustain
the high energy expenditure. Therefore, whole-kidney hyperfiltration
(HF) requires higher kidney oxygen availability compared with nor-
mofiltration (NF) and underfiltration (UF). The height of the smoke-
stack plumes represents the magnitude of GFR. The bottom panel
illustrates the ratio between RO2 and GFR across UF, NF, and HF.
Additionally, the bottom figure demonstrates three energetic sce-
narios across the stages of DKD: relative hyperoxia (RO2 . GFR),
balance (RO2 5 GFR), and relative hypoxia (RO2 , GFR).
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collections for iohexol plasma disappearance were drawn
at1120,1150,1180,1210,1240 min (11). Because the
Brøchner-Mortensen equation underestimates high values
of GFR, the Jødal-Brøchner-Mortensen equation was used
to calculate the GFR (12). PAH (2 g/10 mL, prepared at the
University of Minnesota, with a dose of [weight in kg]/
75 3 4.2 mL; IND #140129) was given slowly over 5 min
followed by a continuous infusion of 8 mL of PAH and
42 mL of normal saline at a rate of 24 mL/h for 2 h. After
an equilibration period, blood was drawn at 90 and 120
min, and RPF was calculated as PAH clearance divided by
the estimated extraction ratio of PAH, which varies by the
level of GFR (13). We report absolute GFR (mL/min) and
RPF (mL/min) in the main analyses because the practice of
indexing GFR and RPF for body surface underestimates
hyperfiltration and hyperperfusion (14), and body surface
area (BSA) calculations introduce noise into the clearance
measurements. We also present GFR standardized by BSA
in Table 1 for reference, and sensitivity analyses with
RO2:GFR standardized by BSA in Supplementary Table 3.

In adolescents with T1D, GFR and RPF were measured
during mild hyperglycemia (goal blood glucose 170–190
mg/dL [9.4–10.6 mmol/L]) achieved by a modified hyper-
glycemic clamp with paired 20% dextrose and insulin IV
infusions, which were chosen to mimic the typical glycemic
milieu of an adolescent with T1D (equivalent to HbA1c

;7.6–8.2%) and maintain steady-state glycemic and in-
sulin concentrations during renal measures (15,16). In
control patients, GFR and RPF was measured fasting
without glucose control to represent nondiabetic physiol-
ogy. Urine albumin-to-creatinine ratio (UACR) was mea-
sured fasting from spot urine samples before and after
renal clearance assessment and averaged.

Insulin Sensitivity (M/I) by Modified Hyperglycemic
Clamp and Body Composition by DXA
M/I was calculated during the clamped hyperglycemia of
the GFR and RPF measurements only in participants with
T1D. A continuous infusion of 20% dextrose was titrated
over 4 h, with a goal blood glucose of 170–190 mg/dL
based on blood glucose measures taken every 5–10 min
from the contralateral IV. Bedside blood glucose was mea-
sured by the StatStrip hospital-grade glucometer. A simul-
taneous insulin infusion was given to replace the exogenous
insulin injections. Steady-state sampling of blood for glu-
cose and insulin occurred at 240 min (M/I indicates the
steady-state glucose infusion rate [GIR] in mg/kg fat-free
mass [FFM]/min adjusted for steady-state insulin concen-
trations) during the same period was measured as in our
previous hyperglycemic clamp studies (17,18).

Additionally, we calculated estimated insulin sensi-
tivity (eIS) in all participants using a formula we previ-
ously validated against hyperinsulinemic-euglycemic clamps
in participants with T1D and control patients, as exp
(4.647252 0.02032 [waist circumference, cm]2 0.09779
[HbA1c, %]2 0.00235 [triglycerides, mg/dL]) (19). All par-
ticipants also underwent DXA by standard methods on

a Hologic device (Waltham, MA) to determine fat mass and
FFM.

Laboratory Assessments
All laboratory assays for the CASPER and Renal-HEIR cohorts
were performed by the University of Colorado Clinical Trans-
lational Research Center Core Laboratories and by the Na-
tional Institute of Diabetes and Digestive and Kidney
Diseases (NIDDK) laboratory. Insulin was measured via

Table 1—Baseline participant characteristics stratified by
study

T1D
(n 5 50)

Control
(n 5 20) P value

Age (years) 16.0 6 3.0 16.1 6 2.9 0.94

Tanner stage 5 (4–5) 5 (4–5) 0.99

T1D duration (years) 5.7 6 2.6 — —

Sex, female (%) 50% 70% 0.13

Race/ethnicity (%)
Black non-Hispanic 2 5 0.41
Hispanic 6 0
White non-Hispanic 92 95
Other 0 0

BMI (kg/m2) 23.4 6 5.1 22.7 6 3.7 0.58

Weight (kg) 67.5 6 17.6 62.7 6 14.5 0.28

Fat mass (kg) 20.3 6 9.4 19.2 6 6.7 0.62

Blood pressure (mmHg)
Systolic blood

pressure 119 6 9 117 6 8 0.30
Diastolic blood

pressure 74 6 11 73 6 11 0.89
MAP 89 6 9 88 6 9 0.66

UACR (mg/g) 6 (5–14) 7 (4–10) 0.87

GFR (mL/min) 189 6 40 136 6 22 ,0.0001

GFR (mL/min/1.73 m2) 183 6 26 139 6 8 ,0.0001

RPF (mL/min) 820 6 125 615 6 65 ,0.0001

RPF (mL/min/1.73 m2) 824 6 120 634 6 85 ,0.0001

Hematocrit (%) 41.7 6 2.8 41.8 6 2.9 0.95

Lactate (mg/dL) 32.5 6 7.2 27.9 6 8.1 0.03

KIM-1 (pg/mL) 27.1 6 12.4 28.4 6 9.4 0.67

HbA1c (%) 8.7 6 1.3 5.2 6 0.2 ,0.0001

LDL cholesterol (mg/dL) 89 6 24 92 6 24 0.65

HDL cholesterol (mg/dL) 51 6 10 46 6 9 0.08

Triglycerides (mg/dL) 78 6 35 88 6 36 0.27

eIS 7.2 6 2.1 9.9 6 2.0 ,0.0001

GIR at steady state (M)
(mg/kg/min) 3.7 6 1.9 — —

Insulin at steady state
(mIU/mL) 33 6 18 — —

M/I (mg/kg/min per mIU/
mL insulin 3 100)

10.9
(6.9–16.6)

— —

M/I (mg/lean kg/min per
mIU/mL insulin3 100)

15.7
(11.1–26.2)

— —

Data are presented as mean 6 SD or median (IQR), unless
otherwise noted.
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Clinical Laboratory Improvement Amendments–certified
chemiluminescent immunoassay (Beckman Coulter). Iohexol
and PAH concentrations were measured in Phoenix by
high-performance liquid chromatography (Waters, Mil-
ford, MA). Other fasting laboratory evaluations included
the following: total cholesterol, LDL cholesterol, HDL
cholesterol, triglycerides, glucose, and HbA1c (Diabetes
Control and Complications Trial-calibrated); assays were per-
formed by standard methods in the Clinical Translational
Research Center laboratory. Plasma kidney injury molecule
1 (KIM-1) was measured using the Meso Scale Discovery
QuickPlex SQ120 platform (Meso Scale Diagnostics, Gai-
thersburg, MD). The Meso Scale assay is a sandwich
immunoassay organized in a patterned array format and
uses electrochemiluminescence detection. KIM-1 was mea-
sured using the Meso Scale Discovery R-plex assays.

RO2 and Furosemide-Suppressible O2 Consumption by
BOLD MRI
We performed BOLD sequences on a Skyra Siemens T3
scanner at our Research Imaging Center in all participants
to quantify fractional oxygen availability (apparent relax-
ation rate [R2*], s21) and RO2 (T2* 5 1/R2*) (20). A
multiple gradient-recalled echo sequence was used to ac-
quire BOLD images in the coronal plane during breath-
hold at end-expiration, before and after giving the diuretic
furosemide (20 mg IV injection). MRI acquisition param-
eters for the multiple gradient-recalled echo sequences are
listed in Supplementary Table 2. The body coil was used as
the transmitter, and the combination of spine and body
array coils was used as the receiver. For participants with
T1D on insulin pumps, these devices were temporarily
suspended and removed during MRI scanning as they
were not MRI compatible. Blood glucose concentrations
were recorded prior to and after theMRI scan. Participantswere
placed feet first in a supine position. The higher the local
deoxyhemoglobin in the blood, the higher the R2* (lower
T2*), and the lower the local tissue oxygen content. The
RO2:GFR (ms/mL/min), as a measure of relative renal hyp-
oxia, was calculated as RO2 (T2*, ms) divided by GFR (mL/
min). BOLD MRI was obtained before and after a 20 mg
injection of furosemide (9,21) (Supplementary Fig. 1). The
change in fractional RO2 (R2*) in response to furosemide
provides an estimate of the oxygen-dependent tubular
transport of sodium and renal oxygen consumption, en-
titled furosemide-suppressible O2 consumption (FSOC)
(Supplementary Fig. 1). The images were analyzed by an
author (P.P.) at a laboratory at the Department of Radi-
ology, NorthShore University HealthSystem, and the reader
was blinded to the participants’ clinical data.

Statistical Analysis
Means and SDs were calculated for continuous variables,
except those with highly skewed distributions, which were
summarized by medians and interquartile ranges (IQRs).
Categorical variables were described with numbers and
percentages. Baseline comparisons between adolescents

with T1D and control patients were accomplished by t tests
and x2 tests as appropriate. For categorical measures with
limited number of observations, Fisher’s exact test was
used. For continuous variables without normal distribution,
the Wilcoxon rank-sum test was used. Pearson correlation
coefficient and generalized linear regression models were
used to examine the relationships between RO2:GFR, RPF,
albuminuria, blood pressure, HbA1c, diabetes duration,
lactate, hematocrit, KIM-1, M/I, eIS, and fat mass. Multi-
variable models were adjusted for age, sex, and HbA1c. Age
is an important determinant of kidney growth and size, and
early DKD is characterized by sexual dimorphism. HbA1c is
a traditional risk factor for early DKD. In the multivariable
models examining the relationships with FSOC, we also
adjusted for weight to account for potential weight differ-
ences since furosemide 20 mg was administered to all
participants. Data are considered hypothesis generating,
a decision made a priori, and corrections for multiple
comparisons were not performed. An a-value of 0.05 was
considered statistically significant. All statistical analyses
were performed in SAS, version 9.4 (SAS Institute Inc.).

Data and Resource Availability
The data sets generated and analyzed during this study, in
addition to MRI, GFR, RPF, and modified hyperglycemic
clamp protocols are available from the corresponding au-
thor upon reasonable request.

RESULTS

Participant Characteristics Stratified by T1D Status
Adolescents with and without T1D were similar in age,
pubertal stage, ethnicity, BMI, fat mass, blood pressure,
and lipids (Table 1). There were proportionally more girls
without T1D, although this proportion was not statisti-
cally significant between the groups. As expected, partic-
ipants with T1D had higher HbA1c. T1D participants also
had higher GFR and RPF consistent with hyperfiltration.
Hematocrit and KIM-1 were similar in the two groups,
whereas lactate, an indicator of tissue hypoxia, was higher
in adolescents with T1D (Table 1).

RO2:GFR and Renal O2 Consumption in Adolescents
With T1D and Control Patients
Whole-kidney RO2:GFR, cortex RO2:GFR, and medullary
RO2:GFR were 25%, 17%, and 22%, respectively, lower in
participants with T1D compared with healthy control pa-
tients (P , 0.0001 for all) (Table 2). The differences re-
mained statistically significant in multivariable models
adjusted for sex and HbA1c. Supplementary Table 3 shows
sensitivity analyses with RO2:GFR normalized by BSA, and
the magnitude of differences between adolescents with
and without T1D are similar and significant. Changes in
whole-kidney and medullary oxygen availability in re-
sponse to furosemide (FSOC) were numerically higher in
participants with T1D compared with healthy control
patients, suggesting higher oxygen consumption, but
these differences did not reach statistical significance. In
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multivariable models, whole-kidney FSOC was higher in
participants with T1D versus control patients (Table 2).

M/I in Adolescents With T1D and Control Patients
The eIS was lower in adolescents with T1D compared with
control patients (P, 0.0001) (Table 1). The median blood
glucose concentration during the modified hyperglycemic
clamp in T1D participants was 183 (IQR 173–190) mg/dL
and was similar to the median morning fasting blood glu-
cose concentrations 177 (IQR 137–217) mg/dL. At steady
state, the median insulin concentration was 31 (IQR 20–
43) mIU/mL, and GIR (M) was 3.4 (2.0–4.9) mg/kg/min or
5.2 (3.9–6.4) mg/kg FFM/min, providing a median M/I
(per kg) of 10.9 (6.9–16.6) mg/kg/min per mIU/mL in-
sulin3 100 orM/I (per FFM kg) of 15.7 (11.1–26.2) mg/kg
FFM/min per mIU/mL insulin 3 100.

Relationships Between RPF, Albuminuria, Blood
Pressure, Lactate, Hematocrit, KIM-1, and RO2:GFR in
Adolescents With T1D
Higher RPF correlated strongly with lower whole-kidney
RO2:GFR (r 5 20.52, P 5 0.009), cortex RO2:GFR (r 5
20.45, P 5 0.005), and medullary RO2:GFR (r 5 20.62,
P , 0.0001), and these relationships remained significant
in the multivariable models (Table 3). In the adjusted
models, higher UACR and mean arterial pressure (MAP)
correlated with lower whole-kidney RO2:GFR (Table 3).
Only six participants with T1D had elevated UACR ($30
mg/g); thus, we examined RO2:GFR across tertiles of UACR,
and we found that participants in the highest UACR tertile
had lower whole-kidney, cortex, and medullary RO2:GFR
compared with those in the lowest tertile after adjusting for
age, sex, and HbA1c (Fig. 2). Similar differences in RO2:GFR
were found acrossUACR tertiles when adjusting for diabetes
duration, sex, and HbA1c (data not shown). Higher serum
lactate and hematocrit were also associated with lower
whole-kidney and medullary RO2:GFR (Table 3). Higher
plasma KIM-1 also related to lower whole-kidney, cortex,
and medullary RO2:GFR in adjusted models (Table 3).

Relationships Among Adiposity, M/I, HbA1c, and
Diabetes Duration and RO2:GFR in Adolescents With
T1D
Fat mass and waist circumference correlated with lower
whole-kidney, cortex, and medullary RO2:GFR (Table 3).

Additionally, higher eIS and M/I correlated with higher
medullary RO2:GFR. In contrast, HbA1c and diabetes du-
ration did not correlate with RO2:GFR (Table 3).

Determinants of Renal O2 Consumption in Adolescents
With T1D
In a multivariable model adjusting for age, sex, HbA1c, and
weight, whole-kidney RO2:GFR inversely associated with
whole-kidney FSOC (b6 SE:27.16 4.4, P5 0.12), cortex
RO2:GFR inversely associated with cortex FSOC (b 6 SE:
210.46 3.2, P5 0.002) andmedullary RO2:GFR inversely
associated with medullary FSOC (b 6 SE: 221.8 6 10.4,
P 5 0.04) in adolescents with T1D. These data reveal
higher renal oxygen consumption in adolescents with T1D
than healthy control patients and demonstrate a strong
association between the higher renal oxygen consumption
and relative renal hypoxia as assessed by a lower RO2:GFR.

DISCUSSION

Renal hypoxia, stemming from a potential metabolic mis-
match between increased renal energy expenditure and
impaired substrate utilization, is increasingly proposed as
a unifying early pathway in the development of DKD and
a promising therapeutic target (6,7). In the current study,
we demonstrate for the first time that adolescents with
T1D had greater relative renal hypoxia, manifested as
lower RO2:GFR than healthy control patients, and the
degree of relative renal hypoxia correlated with albumin-
uria within the normal range, blood pressure, lactate,
hematocrit, and KIM-1, as well as adiposity and IR. Addi-
tionally, lower RO2:GFR associated with higher renal ox-
ygen consumption. Taken together, these data implicate
renal hypoxia as an underlying mechanism of early diabetic
kidney injury and support the hypothesis that the relative
renal hypoxia may stem from increased energy expendi-
ture due to elevated GFR (i.e., hyperfiltration) and im-
paired substrate metabolism due to IR.

Elevated GFR is prevalent in T1D and increases the
filtered Na1 load which exacerbates the work of tubular
Na1 reabsorption (22). Glucosuria also leads to increased
Na1 transport by sodium–glucose cotransporter (SGLT)
1 and SGLT2 activity (23). Emerging animal data show that
the kidneys are unable to compensate for the increased
ATP consumption due to the effects of diabetes on fuel

Table 2—RO2:GFR stratified by T1D status

T1D (n 5 50) Control (n 5 20) P value Adjusted P value†

RO2:GFR by whole kidney, cortex, and medulla
Whole-kidney RO2:GFR (ms/mL/min) 0.24 6 0.04 0.32 6 0.04 ,0.0001 0.0004
Cortex RO2:GFR (ms/mL/min) 0.27 6 0.05 0.36 6 0.05 ,0.0001 0.003
Medullary RO2:GFR (ms/mL/min) 0.21 6 0.04 0.27 6 0.05 ,0.0001 0.008

FSOC by whole kidney, cortex, and medulla
Whole-kidney FSOC (ΔR2*) 3.06 6 1.26 2.77 6 0.95 0.36 0.03
Cortex FSOC (ΔR2*) 1.35 6 1.15 1.53 6 1.48 0.61 0.57
Medullary FSOC (ΔR2*) 6.37 6 2.60 5.73 6 1.87 0.34 0.48

Data are presented as mean 6 SD. †Data are adjusted for sex and HbA1c for RO2:GFR, and sex, HbA1c, GFR, for FOSC.
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generation (6,7). The less oxygen-efficient fuel profile in
T1D is now thought to be secondary to IR that shifts renal
fuel utilization toward free fatty acid oxidation (24,25),
which has a lower ATP yield per oxygen consumed com-
pared with other substrates (26,27). The net effect of the
mismatch between increased ATP consumption and de-
creased ATP generation is increased renal oxygen con-
sumption and the emergence of renal hypoxia, which may
ultimately lead to functional impairment and progressive
tissue injury. In fact, in experimental animal models of
DKD, renal oxygen consumption is increased by up to
160% (28,29) and the increased renal oxygen consump-
tion is strongly associated with renal hypoxia (30).

Oxygen quantification by BOLDMRI is limited to whole-
kidney, cortex, and medulla and does not have the resolu-
tion to determine single-nephron oxygenation. Therefore,
heterogeneity in oxygenation across renal subcompart-
ments cannot currently be meaningfully measured with
BOLD MRI. RO2 by BOLD MRI is a function of nephron
mass, renal perfusion and tissue O2 consumption. The
latter is determined by the balance between renal energy
expenditure and substrate metabolism. Accordingly, to
meaningfully examine early changes in RO2, it is important
to normalize RO2 to nephron mass or workload (GFR).
Since GFR is one of the principal determinants of RO2 by
BOLDMRI (31–33), the RO2:GFR ratio provides a measure
of relative renal hypoxia in young people with T1D (Fig. 1).

The imbalance between RO2 and GFR in our study may
reflect increased renal oxygen consumption considering
the elevated workload (hyperfiltration) but also impaired
substrate metabolism. Indeed, lower RO2:GFR correlated
with adiposity and measures of IR. The relationship with
adiposity is also consistent with our previous data showing

strong relationships between measures of fat mass and
renal hemodynamic dysfunction in T1D (34). Lower
RO2:GFR also correlated with higher plasma KIM-1, which
has been linked with tubulointerstitial lesions, and chronic
KIM-1 expression has been implicated in inflammation
and tubulointerstitial fibrosis in experimental models (35).
This observation suggests that chronic relative renal hyp-
oxia in T1D may induce tubulointerstitial fibrosis, al-
though a longitudinal study is needed to confirm this
hypothesis. Glycemic control and diabetes duration did not
associate with relative renal hypoxia in our study. The
reason we did not find a significant association with di-
abetes duration may relate to our participant’s short di-
abetes duration (only 5.76 2.6 years). Consistent with our
previous studies, IR was more strongly associated with
early DKD than HbA1c in adolescents with diabetes
(36,37). Pubertal adolescents with T1D in are known to
have a greater degree of IR compared with prepubertal
children and adults with T1D, likely related to increased
growth hormone secretion (38,39). IR shifts renal fuel
utilization toward free fatty acid oxidation (24,25), which
has a lower ATP yield per oxygen consumed compared with
other substrates (26,27). This shift in substrate metabo-
lism therefore likely increases renal oxygen consumption
as free fatty acid oxidation consumes more oxygen than
other substrates. The Joslin Kidney Study demonstrated
that early progressive renal decline (annual GFR decline
$3.5 mL/min) is an early phenotype of DKD that may
precede microalbuminuria (40), and we found that IR is
an important risk factor for this phenotype in T1D (4).
Therefore, it is plausible that early progressive renal de-
cline may be characterized by progressive renal hypoxia.
Future longitudinal studies are needed to quantify the

Table 3—Determinants of RO2:GFR in adolescents with T1D

Variables

Whole-kidney RO2:GFR
(ms/mL/min)

Cortex RO2:GFR
(ms/mL/min)

Medullary RO2:GFR
(ms/mL/min)

Crude values Adjusted
P valuea

Crude values Adjusted
P valuea

Crude values Adjusted
P valuear P value r P value r P value

RPF (mL/min) 20.52 0.0009 0.004 20.45 0.005 0.01 20.62 ,0.0001 0.003

Log UACR (mg/g) 20.31 0.03 0.01 20.26 0.07 0.04 0.24 0.10 0.06

MAP (mmHg) 20.35 0.02 0.06 20.29 0.04 0.048 20.39 0.005 0.01

Heart rate (bpm) 0.10 0.51 0.69 0.07 0.65 0.70 0.12 0.42 0.51

Hematocrit (%) 20.33 0.02 0.11 20.27 0.06 0.11 20.37 0.009 0.048

Lactate (mg/dL) 20.34 0.02 0.004 20.38 0.007 0.0009 20.35 0.01 0.002

KIM-1 (pg/mL) 20.27 0.06 0.04 20.26 0.07 0.04 20.26 0.07 0.047

Fat mass by DXA (kg) 20.33 0.02 0.01 20.29 0.049 0.02 20.34 0.02 0.003

Waist circumference (cm) 20.35 0.01 0.03 20.28 0.05 0.07 20.39 0.006 0.01

Length of diabetes (years) 20.14 0.33 0.58 20.19 0.19 0.33 20.10 0.51 0.87

HbA1c (%) 0.04 0.79 0.98 20.07 0.61 0.51 20.04 0.77 0.54

M/I (per kg) 0.18 0.23 0.22 0.22 0.14 0.13 0.31 0.03 0.02

M/I (per FFM) 0.15 0.33 0.37 0.19 0.20 0.22 0.29 0.049 0.054

eIS 0.30 0.04 0.13b 0.27 0.07 0.09b 0.39 0.006 0.03b

aAdjusted for age, sex, and HbA1c.
bAdjusted for age and sex, as HbA1c is part of eIS equation.
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relative renal hypoxia in individuals with progressive and
stable GFR decline.

The metabolic mismatch may also shed light on poten-
tial nephroprotective mechanisms of novel adjunctive
therapies in T1D, including SGLT2 inhibitors. SGLT2 in-
hibition has been shown to impede progression of DKD in
large type 2 diabetes trials (41). Yet, the mechanisms of
nephroprotection with SGLT2 inhibitors are poorly un-
derstood, and the salutary effects of this drug class are only
partially mediated by the modest improvements in blood
pressure, glycemic control, body weight, and serum urate.
Although, there are no dedicated renal outcome trials with
SGLT2 inhibitors in T1D, we have reported attenuated
albuminuria (42) and hyperfiltration (16), major determi-
nants of renal energy expenditure, in adults with T1D in
response to SGLT2 inhibition. Computational rat kidney
models also strongly support the role of attenuated renal
oxygen consumption as a major nephroprotective effect of
SGLT2 inhibitors (43). Additionally, SGLT2 inhibitors may
improve IR (44) and support mitochondrial biogenesis
(45). Correction of perturbed renal energetics are potential
underlying mechanisms of SGLT2 inhibition in people with
diabetes, and studies evaluating the effects of SGLT2 in-
hibitors on relative renal hypoxia in diabetes are needed.

To our knowledge this is the first study using BOLDMRI to
quantify relative renal hypoxia in people with T1D. Addition-
ally, themajority of renal BOLDMRI studies have been limited
by the use of estimated GFR in lieu of gold standard measure-
ments of GFR, and by the lack of detailed assessments of
insulin sensitivity and adiposity (31–33). Our current
study took advantage of directly measured GFR and RPF,
assessed in T1D and non-T1D cohorts, innovations in
imaging techniques to define changes in RO2, and com-
prehensive metabolic phenotyping to define the earliest
alterations in renal energetics that may contribute to the
development of DKD in youth with T1D. Additionally,
insulin sensitivity was assessed by calculating the M/I
during a modified hyperglycemic clamp in addition to
eIS. Our estimate of renal oxygen consumption by BOLD

MRI is based on IV administration of furosemide to
examine changes in oxygen content as a result of suppress-
ing oxygen consumption related tomedullary tubular solute
transport. Methods to quantify aerobic respiration more
directly, including determining acetate-turnover in the
Krebs cycle by 11C-acetate positron emission tomogra-
phy/computed tomography are likely superior to FSOC
by BOLD but are less suitable in studies with pediatric
participants due to the radiation exposure. The gold
standard method to quantify M/I is by a hyperinsuline-
mic-euglycemic clamp, but since we wanted to assess GFR
and RPF in adolescents with T1D during their typical
glycemic milieu while maintaining steady-state glycemic
and insulin concentrations during renal measures, we
opted for a modified hyperglycemic clamp. Additionally,
we wanted the fasting glycemic conditions during the
BOLD MRI to match those during the renal clearance
measurements. M/I by hyperglycemic clamp has shown
to correlate strongly with M/I from gold-standard hyper-
insulinemic-euglycemic clamps (46). By design, our study
enrolled adolescents with short standing T1D (,10 years)
to examine perturbed kidney energetics in the earliest stages
of DKD (hyperfiltration). Consequently, our study findings
may not be generalizable to adolescents with longstanding
T1D or more advanced stages of DKD. Additionally, the
relationships we observed between IR and relative renal
hypoxia in our pubertal adolescents may not hold true in
prepubertal children or adults with T1Dwho aremore insulin
sensitive. Another limitation is that UACR was measured by
two repeated spot urine samples rather than three, which is
the gold standard due to its variability. Moreover, the UACR
correlates with GFR in early DKD, and this relationship may
have confounded our RO2:GFR results. Our kidney MRI
protocol did not include dedicated sequences to accurately
quantify total kidney volume, which may have been an
important confounder in our analyses. Other limitations
include the cross-sectional study design limiting causal infer-
ences and the relatively small control group.

In conclusion, adolescents with T1D exhibit relative
renal hypoxia that was associated with albuminuria within
the normal range, elevated blood pressure, adiposity, and
IR. These data suggest a role of perturbed renal energetics
in the earliest stages of DKD. Future directions include
examining the associations between RO2:GFR trajectories
and the progression of DKD, evaluation of early renal
tissue injury, and perturbations of tissue-level expression
on kidney biopsy as well as determining whether novel
adjunctive therapies, including SGLT2 inhibitors, confer
nephroprotection by attenuating renal hypoxia.
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