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Abstract

Background:  Albuminuria is associated with cognitive impairment in people with type 2 diabetes mellitus (T2DM). The brain volume 
correlates of albuminuria in people with T2DM have not been well investigated.
Methods:  We examined 502 individuals with T2DM (9–12 years duration; mean age ~62 years) who had a brain MRI at baseline and at 
40 months. Baseline MRI findings were examined by the presence or absence of albuminuria (≥30 mg/g creatinine). Changes in MRI findings 
were examined by whether albuminuria was persistent, intermittent, or absent during follow-up.
Results:  At baseline, participants with albuminuria (28.7% of the cohort) had more abnormal white matter volume (AWMV) than 
participants without albuminuria on unadjusted analysis. This difference was attenuated with adjustment for systolic blood pressure, which 
was higher in participants with albuminuria than in those without albuminuria. During ~3.5 years of follow-up, participants with persistent 
albuminuria (15.8%) had a greater increase in new AWMV than participants without albuminuria (59.8%) or those with intermittent 
albuminuria on unadjusted analysis. This difference was attenuated with adjustment for age and systolic blood pressure. There were no 
significant differences in gray matter volume and total brain volume between participants with or without albuminuria at baseline or during 
follow-up. There was no significant effect modification of these findings by estimated glomerular filtration rate (eGFR) at baseline or change 
in eGFR during follow-up.
Conclusions:  In this diabetic cohort, baseline albuminuria and persistent albuminuria were not independently associated with any significant 
differences in brain volume measurements compared with participants without albuminuria.
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Older adults with type 2 diabetes mellitus (T2DM) are at increased 
risk of cognitive impairment as compared with similarly aged non-
diabetic adults (1). Cerebral small vessel disease is believed to be a 
common cause of such impairment (2).

Albuminuria—a renal microvascular disorder—is associ-
ated with and predicts cognitive impairment in people with or 
without diabetes, suggesting that it may be a marker of cerebral 

microvascular disease (3–5). This hypothesis has biological plausi-
bility because the renal and cerebral microcirculations share com-
mon factors. Both are characterized by low resistance (6). Loss 
of auto-regulation due to endothelial dysfunction exposes both 
vascular beds to high pressure, the exudation of protein into sur-
rounding tissue, and the release of inflammation proteins (7,8). 
Pathologically, both the renal microvasculature in people with 
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albuminuria and the cerebral microvasculature in people with cog-
nitive impairment are characterized by tortuosity and thickened 
basement membranes (9).

In the ACCORD-MIND study, participants with persistent 
albuminuria and type 2 diabetes (T2DM) developed declines in 
information processing speed and auditory-verbal learning (Digit 
Symbol Substitution Test, Rey Auditory Verbal Learning Test, 
respectively) over ~3.5 years of follow-up compared with partici-
pants without albuminuria (10). Importantly, this finding was in 
participants who scored relatively high on the Mini-Mental State 
Examination, who had near-normal mean estimated glomerular 
filtration rate (eGFR ~90 mL/min/1.73 m2), and was independent 
of baseline eGFR and annual rate of eGFR decline. Albuminuria 
was present in ~42% of the cohort at baseline, consistent with esti-
mates from prior U.S. survey studies of diabetic adults of similar 
age (~62 years) (11).

MRI-derived brain structural correlates of impaired executive 
function in people with T2DM and albuminuria have been exam-
ined cross-sectionally, but few studies have examined this associa-
tion prospectively. In the present study, we examine the associations 
between albuminuria at baseline and during follow-up with total 
brain volume (TBV), gray matter volume (GMV), and abnormal 
white matter disease volume (AWMV) on brain MRI in a subco-
hort of ACCORD-MIND participants. Because albuminuria can be 
associated with decline in eGFR, we further categorize our findings 
by the presence or absence of decreased eGFR. We hypothesize that 
albuminuria is independently associated with increased AWMV, a 
marker of cerebral small vessel disease (12), and with greater TBV 
and GMV atrophy.

Methods

The ACCORD trial was a randomized, multicenter, double 2 × 2 
factorial design trial of 10,251 participants with T2DM who were 
at high risk for cardiovascular disease (CVD) events because of 

existing CVD or additional cardiovascular risk factors (13). The 
trial tested the effect on CVD outcomes of standard versus inten-
sive therapeutic strategies aimed to reach physiologic goals for 
glycemic control, and within that trial, for blood pressure and 
LDL cholesterol. Renal exclusion criteria were (i) a dipstick result 
on a spot urine test >2+; (ii) a protein/creatinine ratio on a spot 
urine >700 mg/dl; (iii) >1 g protein/creatinine in a 24 hour urine; 
and (iv) a serum creatinine level >1.5 mg/dl within 2  months of 
study participation.

ACCORD-MIND was an ancillary ACCORD study (14). It 
tested the hypothesis that persons randomized to an intensive gly-
cemic therapeutic strategy targeting HbA1c <6% would have better 
cognitive function and a larger brain volume at 40 months follow-up 
than persons randomized to a standard strategy targeting HbA1c 
7.0%–7.9%. The study found no differences in cognitive function 
between the two treatment approaches, but TBV was greater in 
those randomized to intensive glycemic therapy at 40 months fol-
low-up (15).

The National Institute on Aging, in collaboration with the 
National Heart Lung and Blood Institute, sponsored the ACCORD-
MIND trial. All participants signed informed consent. The 
ACCORD-MIND study adhered to the principles of the Declaration 
of Helsinki. The institutional review board or ethics committee at 
each participating center approved the ACCORD protocol. Separate 
informed consent was obtained for MIND.

MRI Subcohort
The MRI subcohort of ACCORD-MIND was recruited as previ-
ously described (14) (Figure 1). Scans were done twice: once at base-
line, within 45 days after randomization; the second, at 40 months. 
There were 614 participants who had a baseline MRI scan; of these, 
502 had a repeat MRI scan. For these analyses, we use only the 502 
participants with two scans. Participants in the MRI subcohort had 
the same age, sex, ethnic distribution, alcohol consumption, systolic 
blood pressure (SBP), duration of known diabetes, cholesterol, and 

Figure 1.  Flow chart of the ACCORD-MIND MRI subcohort.
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mean eGFR; had lower prevalence of CVD and albuminuria; and 
were less likely to be in the intensive glycemia and lipid arms of 
ACCORD than participants in the parent ACCORD-MIND cohort 
(Supplementary Table 1).

The standardized MRI scan protocol (14,15) and image anal-
ysis have been described (16,17). Monthly MRI quality control 
procedures followed the American College of Radiology’s MRI 
QC Program (http://www.acr.org/quality-safety/accreditation/
mri). Performance of MRI scanners was stable across MRI sites 
throughout the duration of the study as reflected by the stability of 
intracranial volumes over time (baseline mean intracranial volume, 
1,132.34 cm3; follow-up mean intracranial volume, 1,132.32 cm3; 
p = .47 by paired t test).

TBV, GMV, and AWMV for normal and abnormal tissue were esti-
mated in cubic centimeters. T1-weighted volumetric MRI scans were 
first preprocessed according to a standardized protocol for alignment, 
removal of extra-cerebral tissue, and segmentation of brain parenchyma 
into gray matter, white matter, and cerebrospinal fluid. Following addi-
tional preprocessing steps, the lesion segmentation component of the 
algorithm was applied, based on local signal features (ie, T1, PD, T2, 
and FLAIR). White matter hyperintensities (also called, abnormal white 
matter volume [AWMV]) are most obvious on T2-weighted scans. They 
are often located next to the ventricles in the brain’s white matter and 
are believed to represent areas of small blood vessel disease.

Albuminuria, eGFR, and Annual eGFR Rate 
of Change
Urine albumin was measured at four time points: at baseline, at 24 
and 48 months, and at the exit visit. The majority of participants 
had two or three postbaseline values (Supplementary Table  2). 
Albuminuria was defined as ≥30 mg albumin/g creatinine. Owing 
to the small number of participants with macro-albuminuria 
(n  =  22), albuminuria was not dichotomized into micro- and 
macro-albuminuria. Because albuminuria is often intermittent 
(18), participants were prospectively categorized by the presence 
or absence of albuminuria at baseline and on at least one follow-
up urine test. Participants with albuminuria at baseline and on 
all the follow-up urine tests were considered to have persistent 
albuminuria. Those with no albuminuria at baseline or on any of 
the follow-up urine tests were considered to have no albuminuria. 
Participants with no albuminuria at baseline who developed albu-
minuria on at least one follow-up test were considered progres-
sors. Those with albuminuria at baseline but none on follow-up 
were considered remitters.

Creatinine levels were measured a mean of 12 times during the 
study (Supplementary Table 2). eGFR was calculated using the CKD-
Epi formula (19). eGFR levels at baseline were categorized into ≥ 
or <90 mL/min/1.73 m2. This cutpoint was the mean eGFR value 
of participants without albuminuria at baseline. Annual change in 

Table 1.  Baseline Characteristics of ACCORD-MIND Participants Who Had a Baseline and 40 Months Brain MRI Categorized by the Presence 
or Absence of Albuminuria (≥30 mg/g creatinine)

Total Group Albuminuria– Albuminuria+

p Valuen = 502 n = 358 (71.3%) n = 144 (28.7%)

Age (y) 62.2 (5.7) 61.8 (5.5) 63.2 (5.9) .012
Sex (% female) 233 (46.4%) 185 (51.7%) 48 (33.3%) .0002
Smoking status .52
  Never 234 (46.7) 168 (46.9%) 67 (45.8%)
  Former 203 (40.5) 148 (41.3%) 55 (27.1%)
  Current 64 (12.8%) 42 (11.7%) 22 (15.4%)
Race/ethnicity .44
  African American 87 (17.3) 59 (16.5%) 28 (19.4%)
  White 340 (67.7%) 244 (68.2%)  96 (66.7%)
  Hispanic 44 (8.8%) 35 (9.8%) 9 (6.2%)
  Other 31 (6.2%) 20 (5.6%) 11 (7.6%)
Alcoholic drinks per week .42
  0 368 (73.4%) 266 (74.5%) 102 (70.8%)
  1–2 74 (14.8%) 52 (14.6%) 22 (15.3%)
  3–7 39 (7.8%) 28 (7.8%) 11 (7.6%)
  8 or more 20 (4.0%) 11 (3.1%) 9 (6.2%)
Systolic BP (mm Hg) 134.8 (17.9) 132.4 (17.6) 140.8 (17.3) <.0001
History of HTN 451 (89.8) 315 (88.0) 136 (94.4%) .033
Duration diabetes (y) 10.0 (7.1) 9.2 (6.9) 11.9 (7.4) .0002
Cholesterol (mg/dl) 181.9 (40.4) 179.7 (39.7) 187.3 (41.8) .055
LDL cholesterol (mg/dl) 101.4 (32.4) 100.2 (31.7) 104.6 (34.0) .17
HDL cholesterol female (mg/dl) 48.5 (12.3) 48.3 (12.4) 49.5 (12.2) .55
HDL cholesterol male (mg/dl) 39.9 (10.2) 39.7 (9.1) 40.4 (12.1) .57
ACR (median, 25th, 75th IQ) 12.1 (6.2–37.1) 7.9 (5.1–13.) 75.1 (45.5–201.9) <.0001
ACR >299 22 (4.4%) 0 (0%) 22 (15.2%) <.0001
eGFR (median IQ) mL/min/1.73 m2 88.5 (21.1) 89.5 (20.5) 85.9 (22.3) .086
History of CVD 127 (25.3%) 82 (22.9%) 45 (31.2%) .054
Intensive lipid participant (%) 101 (20.1%) 77 (21.5%) 24 (16.7) .27
Intensive BP participant (%) 152 (30.3%) 107 (29.9%) 45 (31.2) .83
Intensive glucose participant (%) 229 (45.6%) 164 (45.8%) 65 (45.1%) .92
ΔeGFR/y during trial, mean (SD) mL/min/1.73 m2/y −3.8 (6.2) −3.6 (6.2) −4.1 (−5.1) .41

Notes: ACR = albumin creatinine ratio; BP = blood pressure; CVD = cardiovascular disease; eGFR = estimated glomerular filtration rate; HTN = hypertension.
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eGFR is measured as the slope for the regression line of eGFR from 
baseline to Month 40 visit.

Statistical Methods
For the baseline analyses, we compare the mean and frequen-
cies of MRI substudy participant characteristics and baseline 
brain volumes in those with and without albuminuria. Within 
the albuminuria groups, comparisons of brain volumes between 
those with eGFR ≥90 and <90 mL/min/1.73 m2 were compared 
by t tests. For tables with all four albuminuria groups, three a 
priori pairwise comparisons with the no albuminuria group were 
performed adjusting for three multiple comparisons using the 
Bonferroni technique.

For the longitudinal analyses, changes in brain volumes from 
baseline to 40  months between the four albuminuria groups are 
presented. The least square means for changes in volumes is the 
same as the least square means for period effects in a repeated 
measures analysis of covariance model. Within the albuminuria 
groups, comparisons of brain volumes between those with eGFR 
≥90 and <90 mL/min/1.73 m2 were done. In Tables 3 and 5, an 
interaction term was added to the model between presence of albu-
minuria and eGFR ≥90 and <90 mL/min/1.73 m2 and tested for 
significance.

Baseline analyses of brain MRI volumes are adjusted for age, sex, 
intracranial volume (to adjust for differences in head size), diabetes dura-
tion, prevalent CVD, SBP, and baseline eGFR. Analyses of MRI volume 
changes are additionally adjusted for incident CVD events, the treatment 
arms of the parent ACCORD study (intensive vs standard glycemia, 

lipid, and blood pressure control), for the annual rate of eGFR change, 
and for the interaction of baseline eGFR < or ≥ 90 mL/min/1.73 m2.

Results

Baseline Characteristics of the MRI Cohort by the 
Presence or Absence of Albuminuria
Compared with participants without albuminuria, participants with 
albuminuria at baseline were older and were more likely to be men 
(Table 1). They had higher SBP, more history of hypertension, and a 
longer duration of T2DM. They did not differ in terms of smoking 
status, race distribution, alcohol intake, baseline cholesterol levels, 
mean eGFR, prevalent CVD, or assignments to the different arms 
of the ACCORD study. They also did not differ significantly with 
regard to subsequent annual rate of eGFR change.

Baseline MRI Findings
On unadjusted analysis, participants with albuminuria at baseline 
had significantly higher AWMV than participants without albuminu-
ria (Table 2). There were no significant differences in TBV or GMV. 
With adjustment for SBP, the difference in AWMV between those 
with and without albuminuria was no longer significant. Adjustment 
for other covariates further attenuated this difference.

When those with and without baseline albuminuria were catego-
rized by eGFR ≥ or <90 mL/min/1.73 m2 (Table 3), 60.8% of those 
with albuminuria had baseline eGFR of <90 mL/min/1.73 m2. The 
mean eGFR of this group was 72.8 mL/min/1.73 m2. Participants 
with albuminuria and eGFR <90 mL/min/1.73 m2 had higher AWMV 
than participants with albuminuria and eGFR ≥90 mL/min/1.73 
m2 (3.40 [0.41] vs 1.97 [0.51] cc; p < .05) on unadjusted analysis. 
This finding was attenuated with adjustment for SBP. Among par-
ticipants without albuminuria, adjustment for SBP led to significant 
differences between those with eGFR ≥ or <90 mL/min/1.73 m2 for 
AWMV and TBV, but these differences were attenuated with further 
adjustments. There were no significant differences for GMV in either 
albuminuria groups when categorized by eGFR level. Interaction 
terms showed no significant differences in albuminuria groups when 
eGFR was ≥ or <90 mL/min/1.73 m2.

Participants with albuminuria and eGFR <90 mL/min/1.73 m2 
had the longest duration of T2DM compared with other participants 
and significantly longer than participants without albuminuria and 
eGFR <90 mL/min/1.73 m2.

Longitudinal Brain Volume Changes
In unadjusted models, participants with persistent albuminuria had 
the greatest increase of new AWMV of the four albuminuria groups 
(Table 4). The increase was significantly greater than the no albumi-
nuria group. With adjustment for SBP, the increase in new AWMV 
in those with persistent albuminuria continued to be the highest 
of all the albuminuria groups and significantly higher than the no 
albuminuria group. Adjustment for other covariates abolished this 
significant difference. Decline in TBV and GMV occurred in all four 
albuminuria groups, but there were no significant differences across 
the groups.

When participants with no albuminuria and persistent albumi-
nuria were categorized by baseline eGFR level ≥ or <90 mL/min/1.73 
m2 (Table 5), those with persistent albuminuria and eGFR <90 mL/
min/1.73 m2 had significantly more new AWMV than participants 

Table 2.  Baseline MRI Volumes Categorized by the Presence or Ab-
sence of Albuminuria

No Albuminuria  
at Baseline

Albuminuria  
at Baseline

p Valuen = 358 n = 144

Model I
  Baseline AWMV 1.80 (0.20) 2.83 (0.32) .008
  Baseline TBV 921.1 (5.1) 937.1 (8.0) .09
  Baseline GMV 464.2 (2.6) 464.7 (4.0) .93
Model II
  Baseline AWMV 1.93 (0.22) 2.87 (0.44) .06
  Baseline TBV 916.9 (5.5) 936.2 (10.9) .12
  Baseline GMV 463.0 (2.8) 461.6 (5.6) .83
Model III
  Baseline AWMV 1.96 (0.19) 2.38 (0.31) .27
  Baseline TBV 925.8 (1.3) 924.6 (2.1) .63
  Baseline GMV 465.6 (1.4) 460.7 (2.3) .08
Model IV

2.03 (0.19) 2.23 (0.32 .60  Baseline AWMV
  Baseline TBV 925.8 (1.4) 924.9 (2.2) .73
  Baseline GMV 465.4 (1.4) 461.5 (2.3) .17

Notes: AWMV = abnormal white matter volume; CVD =  cardiovascular 
disease; eGFR = estimated glomerular filtration rate; GMV = gray matter vol-
ume; SBP = systolic blood pressure; TBV = total brain volume.

Least square means (SE). Values are in cubic centimeters.
Model I: unadjusted.
Model II: adjusted for SBP.
Model III: adjusted for SBP, age, sex, and intracranial volume.
Model IV: adjusted for model III plus diabetes duration, prevalent CVD, 

and baseline eGFR.
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with persistent albuminuria and eGFR ≥90 mL/min/1.73 m2 in 
unadjusted analyses. Participants with persistent albuminuria and 
eGFR <90 mL/min/1.73 m2 also had more decline in TBV and GMV. 
However, interaction terms between albuminuria and eGFR ≥ or 
<90 mL/min/1.73 m2 were not significant.

With adjustment for SBP, the statistically significant difference 
in the amount of new AWMV in those with persistent albuminuria 
and eGFR ≥ or <90 mL/min/1.73 m2 was no longer significant. The 
differences in TBV and GMV, however, persisted and the interaction 
terms between albuminuria and eGFR status were significant. After 
further adjustments (including the annual change in eGFR during 
follow-up), there was still a persistent decline in TBV and GMV (~10 
cc and 12 cc, respectively) among those with persistent albuminuria 
and eGFR <90 mL/min/1.73 m2 as compared with those with eGFR 
>90 mL/min/1.73 m2. However, the interaction term between albu-
minuria and eGFR status was not significant.

Discussion

In this study of middle-aged and older adults with T2DM, we report 
that albuminuria at baseline and its persistence during follow-up 
were not independently associated with increased AWMV when 
analyses were adjusted for SBP. Likewise, there were no significant 
differences in the decline in GMV or TBV whether albuminuria 
was present or not after the effects of elevated SBP and age were 
accounted for. These findings run contrary to our hypothesis that the 
association of albuminuria with early decline in executive function is 

related to brain volume changes. Rather it appears that the associa-
tion of albuminuria with early declines in executive function is due 
to vascular risk factors shared by albuminuria and cognitive decline, 
that is, elevated SBP and advancing age (20,21).

Several cross-sectional studies have found positive associations 
between T2DM and the presence of AWMV (22–24), though not 
all studies agree (25,26). Two prospective studies have reported 
an increased rate of AWMV development in people with T2DM 
(23,27). With regard to albuminuria, several cross-sectional (3) 
and prospective studies (28,29) of people with T2DM have found 
that it increases AWMV, whereas other studies have not (26,30). 
Differences in cohort characteristics (eg, age, duration of T2DM, 
and racial mix) and factors that were adjusted for may explain some 
of these inconsistencies.

The role of albuminuria in TBV and GMV decline is also incon-
sistent in prior studies. In two cross-sectional studies (5,25), albumi-
nuria was associated with lower GMV. In a cross-sectional study of 
diabetic African Americans, higher levels of albuminuria were also 
associated with lower GMV (24). On the other hand, a study of 
European Americans (78% with T2DM) (30) and from Holland (26) 
showed no difference in GMV in the presence of albuminuria. The 
latter results are similar to our own, in which 67% of the cohort is 
European American.

Two other of our findings should be noted. First, during follow-
up, participants with persistent albuminuria had a smaller amount of 
GMV decline (~14 cc) compared with participants without albumi-
nuria or intermittent albuminuria (~20 cc). When, however, the group 

Table 3.  Baseline MRI Volumes Categorized by Albuminuria Status and eGFR

Variable

No ALB at Baseline ALB at Baseline

eGFR ≥ 90 eGFR < 90 eGFR ≥ 90 eGFR < 90

Interaction‡n = 174 n = 180 n = 56 n = 87

Model I
  Baseline total AWMV 1.42 (0.29) 2.13 (0.28) 1.97 (0.51) 3.40 (0.41)* .51
  Baseline TBV 931.4 (7.2) 912.1 (7.1) 945.6 (12.8) 930.2 (10.2) .84
  Baseline GMV 468.2 (3.7) 460.9 (3.6) 469.7 (6.5) 461.3 (5.2) .91
Model II
  Baseline total AWMV 1.43 (0.29) 2.31 (0.28)* 1.82 (0.50) 3.05 (0.41) .65
  Baseline TBV 931.4 (7.2) 908.7 (7.2)* 948.2 (12.8) 934.4 (10.5) .65
  Baseline GMV 468.1 (3.7) 469.7 (3.7) 470.5 (6.5) 462.5 (5.3) .97
Model III
  Baseline total AWMV 1.71 (0.28) 2.17 (0.28) 2.04 (0.49) 2.64 (0.41) .85
  Baseline TBV 923.6 (2.0) 928.4 (2.0) 922.5 (3.4)† 925.9 (2.9) .79
  Baseline GMV 463.7 (2.0) 468.6 (2.0) 457.1 (3.6)† 463/5 (3.0) .93
Model IV
  Baseline total AWMV 1.78 (0.34) 2.20 (0.32) 2.03 (0.53) 2.44 (0.45) .99
  Baseline TBV 924.4 (2.4) 927.4 (2.3) 923.7 (3.8) 925.8 (3.2) .86
  Baseline GMV 463.5 (2.5) 467.2 (2.4) 458.7 (3.9) 467.1 (3.9) .74
Duration of known DM (y) 9.9 (0.5) 8.7 (0.5) 11.1 (0.9) 12.3 (0.8)†

Notes: ALB = albuminuria; AWMV = abnormal white matter volume; CVD = cardiovascular disease; eGFR = estimated glomerular filtration rate; GMV = gray 
matter volume; SBP = systolic blood pressure; TBV = total brain volume.

Least square means (SE). Values are in cubic centimeters. Several baseline eGFR measures were missing leading to slight differences in numbers from Table 2.
Model I: unadjusted.
Model II: adjusted for SBP.
Model III: adjusted for SBP, age, sex, and intracranial volume.
Model IV: adjusted for terms in Model III plus diabetes duration, prevalent CVD, and baseline eGFR.
*eGFR < 90 significantly (p < .05) different than the eGFR ≥ 90 group for the same level of ALB status.
†Any ALB different from No ALB (p < .05) at the same level of eGFR category.
‡Interaction between presence of ALB and GFR ≥ 90 or < 90.
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with persistent albuminuria was categorized by the eGFR level at 
the time of baseline examination, a significant difference was found 
between the amount of GMV lost between those with intact eGFR 
versus those with decreased eGFR (−6.7 cc vs −19.8 cc; p < .05). This 
finding suggests that diminished eGFR enhanced the effect of albumi-
nuria on GMV. Testing for interaction, however, was not statistically 
significant. Interaction testing (between albuminuria and intact versus 
diminished eGFR) was also not significant for AWMV increase or TBV 
decline. Other studies that have examined the interaction of albumi-
nuria with reduced versus normal eGFR on brain volume measures 
have also reported nonsignificant interaction results (31–33).

A second finding was that the rate of TBV loss (~15 cc / 925 cc 
baseline volume over ~3.5 years = ~0.5% per year) and GMV loss 
(~20 cc / 463 cc baseline GMV volume per ~3.5 years = ~1.2%) in our 
cohort were consistent with brain volume loss associated with aging 
in healthy adults of 60 years of age (34). The losses were not excessive.

This study has several strengths. Our study included a prospec-
tive component that gauged change in brain volumes. We measured 
albuminuria over time; most studies rely on testing at one point in 
time only, not differentiating between persistent and intermittent 
albuminuria. Our cohort had a large number of participants rela-
tive to other brain MRI studies in T2DM. It consisted of people 
with normal or near-normal cognitive function, and a relatively 
narrow age range, thereby reducing variability in baseline factors 
and brain disease. Creatinine levels were measured centrally, reduc-
ing measurement variation due to use of multiple laboratories. Also 

our cohort consisted of people without significant renal disease 
(ie, eGFR > 60 mL/min/1.73 m2). As such, our findings allowed 
us to reach conclusions regarding the effects of albuminuria not 
confounded by the effects of CKD. Last, we adjusted our analyses 
for eGFR levels at baseline and for eGFR changes over follow-
up. Limitations should also be acknowledged. Our analyses were 
a posteriori and are subject to unidentified biases. There were few 
African Americans in our cohort who had albuminuria (n = 28), 
making it difficult to explore the effect of albuminuria on brain 
volumes in this group which may be more sensitive to the effects of 
albuminuria on the brain than European Americans (24,30). Last, 
our cohort was mostly restricted to individuals with normal or 
near-normal renal function and may not be applicable to individu-
als with advanced renal disease.

In conclusion, in this cohort of middle-aged and older individu-
als with T2DM, with declines in information processing speed and 
auditory-verbal learning, albuminuria was not associated with sig-
nificant independent differences in brain volume measurements 
cross-sectionally or prospectively as compared with those without 
albuminuria. The decline in cognitive function in association with 
albuminuria appeared to be mediated by shared risk factors, such 
as elevated SBP and older age. Other factors—such as increased 
levels of inflammation factors and oxidative stress and metabolic 
disturbances that associate with albuminuria, brain dysfunction and 
diabetes (20,35), increased arterial stiffness (36), and the effects of 
obesity (37)—may also play a role.

Table 4.  Change in MRI Volumes From Baseline to 40 Months Categorized by Albuminuria Status

No Albuminuria Persistent Albuminuria Remitters Progressors

n = 298 (59.5%) n = 79 (15.8%) n = 64 (12.8%) n = 60 (12.0%)

Model I
  AWMV change 1.29 (0.16) 2.54 (0.31)* 0.80 (0.34) 2.02 (0.35)
  TBV change −14.0 (1.0) −17.7 (1.9) −17.5 (2.1) −16.0 (2.1)
  GMV change −19.7 (1.1) −17.0 (2.2) −19.6 (2.4) −21.8 (2.5)
Model II
  AWMV change 1.30 (0.16) 2.44 (0.31)* 0.79 (0.34) 2.02 (0.35)
  TBV change −13.7 (0.9) −18.0 (1.8) −17.4 (2.0) −16.0 (2.1)
  GMV change −19.5 (1.1) −17.1 (2.2) −19.6 (2.4) −21.8 (2.5)
Model III
  AWMV change 1.36 (0.16) 2.18 (0.32) 0.82 (0.34) 2.01 (0.35)
  TBV change −14.0 (0.9) −16.4 (1.8) −17.7 (2.0) −16.1 (2.0)
  GMV change −19.8 (1.1) −16.0 (2.3) −20.1 (2.5) −21.5 (2.5)
Model IV
  AWMV change 1.41 (0.16) 2.10 (0.32) 0.77 (0.34) 1.92 (0.35)
  TBV change −14.3 (0.9) −15.9 (1.8) −17.4 (2.0) −15.6 (2.0)
  GMV change −20.1 (1.1) −15.3 (2.3) −20.1 (2.5) −21.2 (2.5)
Model V
  AWMV change 1.42 (0.16) 2.04 (0.34) 0.77 (0.35) 1.95 (0.36)
  TBV change −14.4 (0.9) −15.1 (1.9) −17.1 (2.0) −14.5 (2.0)
  GMV change −20.1 (1.1) −14.0 (2.4) −20.0 (2.5) −20.6 (2.6)

Notes: AWMV = abnormal white matter volume; CVD = cardiovascular disease; eGFR = estimated glomerular filtration rate; GMV = gray matter volume; 
SBP = systolic blood pressure; TBV = total brain volume.

Least square means (SE). Values are in cubic centimeters.
Model I: unadjusted.
Model II: adjusted for SBP.
Model III: adjusted for age, sex, SBP at baseline, treatment arms of ACCORD study (intensive vs standard glycemia, lipid, and blood pressure control), and 

intracranial volume.
Model IV: adjusted for terms in Model III plus diabetes duration, prevalent and incident CVD, baseline eGFR, and annual rate of eGFR change.
Model V: adjusted for terms in Model IV plus interaction term with baseline eGFR ≥ 90 vs eGFR < 90 mL/min/1.73 m2.
*Significantly different from the No albuminuria group (p < .05).
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